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ABSTRACT

A study was made of the creep properties of clad aluminum alloy
755-T6 under intermittent heating and loading conditions at 300°F and
600°F. A few tests were also conducted at L50°F under intermittent heat-
ing conditions. '

The results were correlated by means of the empirical functional

equation
£ = Fles@)
where ¢ = total strain
= time
g- = stress
F = strain function \
£ = stress function, .

As suggested in previous reports, the function-f was shown to be
approximately independent of strain and of the type of intermittent test=
ing cycles The prediction of intemmittent condition creep data can there-
fore be carried out from a knowledge of the constant load isothermal data,
and a single test under the intermittent condition.

A review of the literature has shown that although in a significant
proportion of cases the above analysis can be used successfully, the func-
tion £ often varies considerably with strain, and in some instances is
not independent of the type of intermittent condition. Nevertheless even
the approximate prediction of intermittent creep data by flexible use of
the method is likely to be of value,

The test results were also compared on a basis of net time at temp-
erature under loads It appears that any intemittent cycle permitting
recovery and overaging of the material in the absence of load has a
deleterious effect on its creep resistance. Under other intermittent
conditions the creep of the material is approximately the same on a net
time basis as its creep under steady load isothermal conditionse
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Aluminum and titenium alloy designations as referenced 3 :

in this report should be replaced by the current designations

a8 given below:
0ld Designation

755-T6
24S-T3
RC-130A
23

4s
63s

WADC TR 53-336 Pt 4

Current Designation

7075-T6
202)-T3
C-110M
1100
3004
6063-T6




- INTRODUCTION

It is only on rare occasions that the. design engineer has data '
available on the behavior of appropriate materials under the precise con;
ditions of the intended usage, and it is often impracticabls to conduc‘t
laboratory tests aim‘ulating closely t!!ﬁe kno\m or expected variation in
stress;, temperature, and environment to which the part will be exposed
duriﬁg its- serviees lifeo This is the case for aircraffl; structural and
engine components subjected to such stresses and temperatures as to make
creep one of the iimitiﬁg design criteria. While almost all of the con-

- siderable body of creep data collectsd for a wide vériety of materials is
derived from isothermal tests conducted under steady constant load, the
actual use of the mterial 2y involve a highly irregular and complex

_history of stress and tenperature cox:u:lii’d.oms° It had been considered
anffioient to design coﬁsemtively on the basis of the 1sotherhal steady
load tensile oreep propertiss even at the expense of some inefficiency
but mdieations were fartmd(l"z’3 ) that cyclic conditions of stressing or
hoat:lng could in same cases causs accelerated cnep and premature failure
such that the design 'S.s not in fact conservative,

The present investigation was therefore undertaken to ascertain what
effects might be eneéun‘bered when Amterials were subjected to ome}aI nnder
intermittent loading or heating, or combinations of 1ntermittent load:lng |
and heating, A previous report(") has described the results of intermittent
stress tests on clad aluminum alloys 75S-T5 and 24S-T3 at 300°F 450°F and
600*F, and on ccnmercial purity titantum at 4LOO®F, Intermittent temper-
ature tests on 755-1‘6 and 245=13 alloys at 450‘1"(5 ); and combined inter-
mittent stress and,teﬁ:periature tests on 758-76 alloy a;__450°r(6) have also

‘been reported. The work described in' the Present report was concerned

WIC TR 53-336 Pt 4 1




with intermittent temperature, and combined intermittentvstress and temper-
ature tests on clad aluminum alloy 755-T6 at 300°F and .600°F, and some
additional intermittent temperature tests at 450°F.

In the earlier reports referred to above, it was concluded that
under the test conditions employed, intermittent temperature, or in phase
cycles of intermittent siressing and temperature do not greatly affect |
the creep properties of the alloys tested when the deformation and rupture
" characteristics are compared with steady load isothermal creep, as judged
- on a basis of net time under load at the test temperature. Subjecting
the material to intermittent stressing at a steady temperature or to out
of phase combined cycles of load and,tempe;ature (where the test piece
is at test temperature in the absence of load fdr part of the cycle) does,
however, produce accelerated creep and earliér rupture as compared with
stgady load isothermal conditions, again using the above net time eriterion.

Extensive work at Cornell Aeronﬁutical Laboratories, Inc.(7’8) on
the ereep behavior ofva variety of alloys under intermittent stressing
or heéting conditions has shown that creep can be either accelerated or
retarded according to the relative influence exerted by such factors as
overaging, crystal recoveﬁn ductility changes, creep recovery, and thermal
stress effects.

During the course of the previous work in these iaboratories some
success was achleved in correlating and predicting both steadybcondition

and intermittent condition creep data by the use of the functional relstion
&€ = F{t-ﬁ(cr‘)} . (1)

where % = total strain
C = time

WADC TR 53-336 Pt 4 2




0 = stress
F = strain function
.f = stress function.
Plotting strain against log time at various stresses for ¢reep under steady
or intemittent c._:onditior;s gave, for any particular test temperature and
type of test, a series of more or less homologous creep curves which dif-
fered primarily in their displacement aloﬁg the log time axis. Then, if
€ were the time to reach a certain strain at a selected standard stress
o » the time, € , to reach the same strain at some other stress g—

would be given by
_ D)
E = L
by © 7 Ly v 035&@‘)} @

or b= Kot @

By using this relation, a single composite creep curve could be drawn,
representing the creep behavior of the material at one temperature under
a specified steady or intermittent condition, thus permitting a simple
comparison of the effects of various types of cycle. The value of K("Vg)
obtained for the same stresses was only slightly dependent on the strain,
and similar values were found for steady stress isothermal creep énd for
the various types of intermittent test cycle. Thus the function F éon-
tains the effect of the cyélic condition, and the stress function f is
approximafely independent of strain or the type of test. Consequently if
one intermittent stress test were run at the standard stress O; , the

time ¥: to achieve the same strain at any other intermittent stress, 0 ,

for the same cycle could be determined from

G = Kemy % T K B @

v
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where Y<b¢)c = §?° and is determined from two steady stréss creep
e

curves, and t&ﬂb from the single intermittent stress creep curve at the

standard stress G, - Furthermore, if tests at a se}ies of Stressgs'under

steady load isothermal conditions are already available over a suitable

range, intermediate values of K(a-a;)c may be interpolated from a plot of.

log K(ﬂ,;)o against lbgr ﬁhere o has been chosen appropriately.

The additional test results obtained under various intermittent
Aconditions, and presehted in this report, have been analyzed both on the
basis of the net time under load at test‘temperature and on the basis of
the functional equation (1). Predicted cfeep curves calculated by the
use of equations (2) and (4) usiﬁgb( values averaged over various strains
up to and including fracture are compared with the experimental results.

Universal application of this empirical method of anélysis and pre~
diction should not be éxpected. This is borne out by the later section
of this report dealing vith a general evaluation of the method. Never-
theless,vin view of the paucity of experimental creep data under conditions
of intermittent loading and heating, even the approximate quantitative .
prediqtion of such data was considered a worthwﬂile goal, and the anal-

ytical work summarized in this report has been prosecuted from this point

of view.

MATERTAL, EQUIPMENT AND TEST METHODS
" ALl tests in ﬁhé present series were conducted on clad aluminum
alloy 755-T6 (Govermnment Specification An-A~13) of the same batch as that
used in earlier work(4’5’6) in thése laboratories. JDetails of the analysis
| ’ (4)

and room temperature tensile properties have been reported previously.

The material was supplied in the form of a number of 10" x 20" sheets of
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the same production batch, and specimens were cut from these parallel to
the rolling direction, the sheets being numbered consecutively asvthey
were taken from the box.

The equipment used in these tests was that which has been previously
described,(g’lq) with the later modification(é) in which the heat capacity
of the furnéces was reduced, so that they could meet more easily the short
heating period required in tests involving thexuse of intermittent heat-
ing conditions. Iﬁ consequence, the iﬁitial‘heating of the ﬁest piece
before the first test cycle took place more rapidly than previously, and
in order to compensate approximately for this, the first load was applied
two hours, instead of three hours, after the initial heating of the test 
.piece was commenced. A’check of this: compensation was made by testing equi-
valent specimens at the same stress using the new standard two hours initial
heating period in one case, and an initial heating, controlled by hand to
simulate the earliér three hour procedure, in the other case. Thevcreep
curves and fracture times obtained were practically idéntical in the two
cases and the use of the revised‘two hour initial heating period was
therefore’considered justified.

' During the steady high temperature portioﬁ of each cycle, the temper-
ature of the specimen w;s maintained constant within :39F of the reported
iest temperature, and was measured by two iron-constantan thermocouples
held in place on the specimen near the extensometer gauge points by adhe-
sive glass tape or string. OSometimes a third thermocouple in the center
of the gauge lengtﬁ was- also employ'edf Stresses were determined to within
an accuracy df 25 psi, and the creep extensions were measured on a two
inch gauge length to 0.01% strain. In order:to avoid the inconsistencies

which would be caused by variable or inaccurate initial strain measurements
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in such data as the time taken to reach a given strain, all creep curves
were corrected to standard valuesAof the initial strain corresponding to
the particular test stress. These values were obtained either from stress-
strain curves determined at the test temperature in the creep testing
machine using manual incremental 1oading‘and a mechanical extensometer,

or as the mean of the initial deformations recorded for the stress in
question in a large number of creep tests.

The appropriate sequence of intermittent heating and stressing was
started at the time of initial application of the test load, and all times
were taken from this reference point. Loading and unloading times for
both steady and intermittent load tests were approximately two minutes.
Intermittent load cycles, either alone or in combination with intermittent
temperature cycles, of 1 hr. and_l% hrs. reépectively out of a total cyele
of two hours were used. For tests involving intermittent heating condi-
tions the same periods of 1 hr. and 15 hrs. out of a total cycle time of
2 hrs. were used during ﬁhich the specimen was maintained at the test
temperature. In the former case‘% hr. was allowed for heating to test
temperature, the specimen being cooled to room temperature in(é mins. and
maintained at room temperature for 24 mins. In the latter case (13 hrs.
at temperature per 2 hr. cycle), heating to the test temperature was |
accomplished in 20 mins. the remaining 10 mins. being spent at room temper;
ature or cooling down to it. For the combined intermittent heating and
stressing tests, cycles with the on-load period both in phase and out of
phase witﬁ the period of constant elevated temperature were used, tests
being conducted for both 1 hr. and 1% hr. cycles of load and temperature.
The eight types of cycle are shown dilagramatically in Fig. 1, cycle 4 )

being included for completeness although it was not used in the test series
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covered by this report.

TEST RESULTS

The test resulte obtained during the period covered by this report
are presented in Tables I-V inclusive and in Figs;‘szl.inclusive. .All'v.
times given were the total elapsed times, ‘the creep curves fbr intermittentl _
~ conditions being drawn as the envelope of readings taken at the end of the
constant temperature, under load period of each cycle. At this time, the
temperature conditions approximated closely to equilibrium, and the strain
readings were therefore most consistent. At other intenmediate points on
the cyele the strain readings may'be influenéed by differential expansion
between the outer tube and imner rod of the extensometer as heating or .

cooling is taking place.

1. Results at 300°F.

The data already presented(A) at 3009F on clad aluminum alloy 755-T6
were extended in the presented series of creep tests to the cases of inter-
mittent heating under steady load, and combined intermittent loading and
intermittent temperature. Only one cycle, of one hour at steady elevated
temperature per total cycle of two hours, (Cycle 3) was used in the inter-
mittent heating case. For the tests under conditions of combined inter-
mittent heating afid loading, two time cycles of 1 hr. and 1% hrs. on time
per 2 hr. cycle were employed and»for both time schedules tests were con—e‘
ducted with the loading both in phase (cycles 5 and 7) and out of phase
(cycles 6 and 8) with the heating. In reviewing the results of these tests
it was found that certain incompatibilities existed between them and the

early isothermal steady load and intermittent load data using 1 hr. and
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1% hrs. on times per 2 hr. cycle. (Cycles 1 and 2). Cqnsequently these
three series of tests were repeéted té ensure that a complete series of
comparable creep tests were available under the eight combinations of
steady or intermittent stress or temperature. At the end of the test
program, a repeat series (Series II) of tests at 300°F under cycle 7
conditions were done, using a sheet of material different from that used
for the previous series (Series I). The results obtained indicated a
greater creep strength, particularly at low stresses, than the Series I
resﬁlts showmn in Fig., 8, the Series TI resulté being compatible with the
earlier data(A) rather than with the present Series‘I° It seems probable,
therefore; that the differences between the earlier data, and that
preséntly reported, may well be ascribed to slight differences betyeén
different sheets of the test material stock. The Series II results

under cycle 7 conditions are included at the foot of Tables I and II.

The results obtained are reported in Table i in terms of the total
elapsed test times at the various stresses to reach specified total
strains. Table II contains similar data related to specified creep
strains. The creep strains were obtained by subtracting from the total
extension measured by the equipment the best»valges for the strain tak-
ing place on first application of the load the remainder being the time
dependent or creep strain portion of Fhe deformation. Figs. 2-9 inclu-
sive‘show the families of creep‘curveé obtained under the various stgady

'and intermittent testing conditions at 300°F. The data of Tables I and
IT have been replotted in Figs. 10<17 inclusive to give stress versus
log-time design curves for specified values of the tétal or creep

strains. o |
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TABLE I

[

Creep of Clad Aluminum Alloy 758-T6 at 300°

F

under Steady and Intermittent Conditions

Total Times to Reach Variodus Total Strains

Type ' “Total Time (Hrs.) to Reach Total Elong. %
of Stress Strains of on 2% at
Test psi [ 0.5% | 1.0%{1.5% | 2.0% | 3.0% Fracture|Fracture
Steady Load 42,000 | [0.21| 8 | 14 | 16| -~ | 19.9 2.54
and Temperature |38,500 | [0.3]] 25 L5 ] 53| 58 | 58.6 3.56
35,500 | [0.4]] 47 67 | 76 | 80| 80.3 3.32
133,500 | 22 84 104 |1125| — |115.4 2.64
33,500 | 8 | 95 [123 |127 | — |146.4 2.72
31,500 |25 {132 |159 |168 | -~ |169.8 2.72
Steady Temperature|42,000 | =- | 17.5] 26 | 30 | 33| 36.2 5,68
Intermittent Load [38,500 |{ & | 46 59 | 66 | 71 | 72.3 3.34
1 Hr./1 Hr. 35,500 | 5 87 — | = ] = | 9.7 1.22
Cycle 1 35,500 | 5 91 [115 [124 [129 |130.1 3.64
33,500 |30 |143 |[1675 | 176 |180% | 180.8 3.15
31,500 |43 | 200 {240 |2525 | -~ | 256.1 2.92
Steady Temperature| 42,000 | -- 17 _7 32 365 | 38.7 3.86
Intermittent.load |38,500 | 1 VA 51 61 | 65 | 66.9 6.18
1% Hr./3 Hr. 35,500 | 6 7 94 | 102 108% 109.3 bodd
Cycle 2 35,500 | 58 | 765 | 97 |106 {1105 |1m 3.69
33,500 |14 [112 |137 |148 |154 |155. 5.72
31,500 |27 |142 | 174 |188 | - |196.3 2.67
Steady Load 42,000 | [0.1}| 16 30 | 39, | 485 | 54.4 6.08
Intermittent Temp.|38,500 | 1 56 79 | 88 | —— | 9.2 2.48
1 Hr./1 Hr. 35,500 | 0 |113 |145 |160 | -- |168.3 2.44,
Cycle 3 33,500 |29 [176 }219 |[e30] | -~ | - —
: 31,500 | 70 — R T i -
Intermittent Load {42,000 | [0.1| 22 36 | 43 | 49 | 50.7 3.50
and Temperature 38,500 | 1 765 | 1025 | 114 — | 118.8 2.40
In Phase 35,500 | 8 |126 |157 |171 |182% |182.8 3.42
1 Hr./l1 Hr. 33,500 |12 170 223 | 245 -] - -
Cycle 5 31,500 |72 - - - - - -
Intermittent Load {42,000 | [0.1}] 23 35 | 41 | 46 | 46.6 3.16
and Temperature 38,500 | 1% | 80 |112 |123 |130 [132.3 4.10
Out of Phase 35,500 |17 |157 |[2187 |197 |204 |204.4 3.40
1 Hr./1 Hr. 33,500 | 40 - - | - | - | - -
Cycle 6 33,500 | 33 [260] -_— - - - -
' 31,500 |70 |[335] _— - | -~ | - —
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TABLE I  (Cont'd,)

Intermittent Load | 42,000 | 2 30 305 | 41 | 48 | 49.2 |- 3.12
and Temperature 38,500 | == 43 55 605 | 65 | 66 3.94
In Phase 135,500 | 2% | 110 | 144 | 158 | 1665 | 167 3.43
1z Hr./5 Hr. 33,500 |24 | 130 | 159 | = | -- |165.5 1.74
Cyele 7 (Series I)|31,500 | 30 170 214 | 225 e - -

Intermittent Load |42,000 % 16 24 | 28 | - | 32.6 3.00
and Temperature 38,500 |{ & 50 66 74, 80 81.5 3.34
Out of FPhase 35,500 | 3 94 | 1205|131 | - |137.3 2.46
% Br.ft Hr. 33,500 |10 | 136 | 176 | == | - [192.8 1.98
Cycle 8 31,500 |49 | 193 | 229 245 | = |247.2 2.13
Intermittent Load |42,000 | == | 14 255 | 31 | 335 | 35.0 3.72
and Temperature |38,500| ¥ | 48 68 | 76 | 805 | 84.2 4417
In Phase 35,500 | 2 98 | 127 |140 |146 |152.9 3.59
1% Hr./5 Hr. 33,500 |19 | 143 | 173 | 187 [194 |194.9 2.58
Cycle 7 31,500 |26 | 224 |[e75] | —- | -- | N.F. ~

Repeat Series II

[ ] = Extrapolated or EBstimated Value
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Creep of Clad Aluminum Alloy 755-Té6 at 300°F

TABLE II

under Steady and Intermittent Conditions

Total Times to Reach Various Creep Strains

Type Total Times (Hrs.) to Reach Creep
of Stress Strains ofs
Test’ psi 0.1%2 | 0.2% | 0.3 0.5% | 1.0% | 2.0%
Steady Load 42,000 | % 2 32 %1l 13 183
and Temperature | 38,500 3 5 12 4% Lz 56
35,500 | % % | 25 37 64, | 9
33,500 14 36 56 76 99 115
31,500 3z | 37 72 | 112« | 153 | 169%
Steady Temperature | 42,000 | -- A gk | 16 25 | 32
Intermittent Load | 38,500 i 12 25 | L5 | 5B | 69
1 Hr./1 Hr. 35,500 2 30 53 78 - —
Cycle 1 35,500 | 2% 25 47 79 | 111 | 126
33,500 | 10 57 90 | 128 | 163 |17
31,500 | 13 64, 1112 | 172 | 232 | 254
Steady Temperature | 42,000 | -~ 3 s 15% 26 35
Intermittent Load | 38,500 1% i 20 365 | 53 64
1 Hr./3 Hr. 35,500 2 | 42 67 91 | 106
Cycle 2 35,500 | 4 17% | 40 67 94 1og%
33,500 | 2% 32 62 97 | 132 | 151%
31,500 |11 41 75 | 120 |'166 | 193
Steady Load 42,000 | 1 4 8 155 | 29 44%
Intermittent Temp. | 38,500 2 10 25 49 76 93z
1 Hr./l1 Hr. 35,500 6 30 60 100 145 168
Cycle 3 33,500 | 8 55 98 | 144 | 208 —
31,500 | 20 103 |[180] - _— —
Intermittent Load | 42,000 | 0.5 A 10 20 36 46
and Temperature 38,500 | 2 14 36 71 | 100 {118
In Phase 35,500 | 2% 42. 68 | 110 | 152 | 178
1 Hr./1 Hr. 33,500 3 32 76 140 213 -
Cycle 5 31,500 (11 | 155 [[225] | -- - -
Intermittent Load | 42,000 | [0.4]]| 3 10 215 | 34 43
and Temperature 38,500 25 21 40 70 108 128
Out of Phase 35,500 | 11 67 96, | 142 | 183 | 201
1 Hr./1 Hr. 33,500 | 20 97 |[as0] | -- - -
| Cyele 6 33,500 | 10 83 | 142 | 223 - -
31,500 | 25 107 J192 | 202 |[375] | —
WADC TR 53-336 Pt 4 12




TABLE II  (Cont'd.)

Intermittent Load | 42,000 | -~ 4 oy | 18 | 33 4d,

and Temperature 38,500 - 14 31 41 5% 63%
In Phase 35,500 | — 22 51 94 | 139 | 163

1% Hr./3 Hr. 33,500 s 46 | 74 | 115 | 154 -

Cycle 7, Series I 31,500 | 1z 49 90 140 206 —

Intermittent Load | 42,000 | 1% 4 7% 1 23 305
and Temperature 38,500 | -- 5 23 s | 64 T
Out of Phase 35,500 | 2 17 48 82 | 117 | 134

13 Hr./% Hr. 33,500 | 3 31 64 93 | 155 |[195]
Cycle 8 31,500 | 18 69 |112 | 168 | 222 -

Intermittent Load | 42,000 3 % 5% 13 | 25 33%
and Temperature 38,500 | 1 10° A% 42 66 80

In Phase 35,500 | 1 185 | 42 83 |123 | 145

1% Hr./s Hr. 33,500 | 7 48 81 | 126 | 167 | 192
Cycle 7 31,500 | 2 51 |111 | 188 - ——

Repeat Series II

[ ]- Extrapolated or Estimated Value

NOTE: The following mean values of the initial strains on loading

were used in arriving at the data of Tables I and IIs
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0.362%
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2. Results at 450°F.

QGnly one test conditioﬁ was employed at 450°F, namely that of
atoadylload intermittent temperature, using & cycle of one hour at the
steady elevated test temperature for a 'cofal cycle time of two hours
(Cycle 3). Previocus reports(‘l"5 56) contain ereep data for clad aluminum
alloy 755-T6 at 450°F under the other intermitient conditions employed
in the tests at 300°F and also the steady load, intermittent heating
conditions of cycle 4. The results obtained in the pz;esent tests are
reported in the same manner as the data obtained at 300°F in Tables IIT

and IV-and*Figs. 18 and 19,

3. Besults at 600°F.

Tests at 600°F on 755-T6 dlloy under isothermal steady load and
intermittent load uéing both a 1 hr./1 ixre (Cycle 1) and a 1} hr./% hr.
(Cycle 2) cycle have already been reported.(l‘) In this report the
results of further tests at 600°F using steady load intermittent heat~
ing (eycle 3) and both in phase (cycles 5 and 7) and out of phase
(cycles 6 and 8) combinations of intermittent heating and loading are
given. For comparison purposes, steady load isothermal creep tests at
600°F have also been done and the resaults included in this section.
These results, obta,ine& on specimens from the same sheet of material
as for the Sefies II, Cycle 7 tests at 300®F are in good agreement with
earlier testis, (4) and the times to reach specified strains appear to be
somewhat higher » particularly at the lower stresses, that might be ex-
pected from the other presently reported intermittent data at 600°F,
which wre obtained using épecimens ocut from other sheets of the test
material stock. The data have again been assembled in a manner similar
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TABLE III

Creep of Clad Aluminum Alloy 758-T6 at 450°F.
Steady Stress, Intermittent Temperature. 1 Hr./l Hr.
Cycle 3. Total Times to Reach Various Total Strains

Stress | Total Times to Reach Total Strains of: §i°2§fia
psi [0.5% | 1.0% | 1.5%] 2.0% | 3.0%] 5.0% [Fracture| Fracture]
12,000 9 | 20 | 1 | 268 | —- | - | 27.8 | 2.7
10,000 7 | 155 19| a5 | -~ | -—- | 22.5 2.12
9,500 35 | 73 | 91 [ 100 | 111 { 116 | 116.9 6.03
9,000 48 | 92 |101 | 122 | 135 | 148 | 158.0 11.4
8,600} 55 |119 |150 | 166 | 186 | 201k | 202.5 5.30
8,200 | 45 | 158 | 215 | 246 -~ |y — | N.F. -
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TABLE IV

Creep of Clad Aluminum Alloy 755-T6 at 450°F.
Steady Stress, Intermittent Temperature. 1 Hr./1 Hr. Cycle 3.
Total Times to Reach Specified Creep Strains

[ Stress Total Times 1o Reach Greep otrains ofs
psi 0.1% ] 0.23] 0.3% [0.5% | 1.0% | 2.0% |
12,000 1 3 7 13 22 26
12,000 15 3 55 | 10 165 22
10,000 3 14 2, | 40 61 75
9,500 3 16 28 46 76 102
9,000 12 2% | 42 62 95 123%
8,600 2 18 36 71 | 127 1685
8,200 —_— 1 2% 79 | 175 | 250

NOTE: The following mean values of the initial
strains on loading were used in arriving
at the data of Tables III and IV:

12,000 psi 0.140%
10,000 psi 0.117%
9,500 psi 0.111%
9,000 psi 0.106%
8,600 psi 0.100%
8,200 psi 0.096%

WADC TR 53-336 Pt 4 R4
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TABLE V

- - Creep of Clad Aluminum Alloy 755-T6 at 600°F under
) Various Intermittent Conditions

. Type. . . Elong. %
. Cof Stross| Total Time (Hrs.) to Reach Total Strains of: on 27 at
Test | psi 10.220.5%1.02]1.5%[2.02]3.02]5.0%]7.0% [FracturelFracture

Steady load and | 5,000 .fi 2| 4| 7| 8| 11%| 15 | 173] 19.8 |13.05
Temperature 5,000|~% | 2| 4| 55| 7| 9| 12 | 133| 16.8 |22.67

4y500| —— | 2K 7 | 11| 15 | 20 | 2B| 327 | 40.2 |22.83
4,000 1 | 6|17 | 27| 37 | 51%| 73%| 8/ | 103.5 |12.09
3,500 3 | 16|41 | 64 | 87 |128 [190 [229 | 249.8 | 9.36
3,2001 7 | 31|77 (118 |158 [228 325] | == | N.F. | —
Steady Load 6,000 == | —=|~5|~1| 1| 2| 3| 4 beb |15.25
Intermittent 5,000 5| 1% 71 9| 125 172| 204| 24.4 |12.33
Temperature | 5,000 i 21 5 8110 ] 14} 19 | 22 26.3 | 11.54
1 Hr./1 Hr. 4,5001 1 | 5| 115| 175 =23 [ 31| 43 | 50 | 58.6 |10.60
Cycle 3 4,0001 2 {11]26 | 39| 50 | 69 | 99 [119 | 134.5 | g.90
v 3,500 5 | 29|76 [117 {161 [230] [290T} —- | W.F. | —
3,200 4 |26|80 {132 |183 [261 [340] | -~ | W.F. | —
Intermittent Load| 5,000| 1 | 33 6| 9 | 1L | 14 | 19 | 21k | 227 | 8:47
and Temperature 4,500! % a 17| 27 | 34| 47| 63 | 728 | 80.2 9.24
In Phase 4,000 1 | 8324 | 34| 53 | 755|107 |127 |138.6 | 8.49
1 Hr./1 Hr, 3,500| 2 | 22]63 |118 |174 Po75]| — | — | N.F. | -
Cycle 5 3,2000 6 |47po9 [223 | == [ == | — | — | NF. | -

Intermittent Load | 5,000 — | 4|20 | 155| 20 | 26 | 34 | 38 | 42.3 [10.81
and Temperature | 4,500 %| 8|20 | 29 | 38 | 53| 75 | 90 |110.2 |15.10
Out of Phase 4,2001 2 | 19|46 | 69 | 88 [120 | - | — | 152.5 | 4.39
1 Hr./1 Hr. 4,000] 6 | 32|71 |104 |138 |J198 | =~ | —- | N.F. —

Cycle 6 3,500(13 | 62 P44 R46]| =~ | —- |} -- | == | N.F. -—
3,200|16 oo Rs5] | —— | — | —~ | — | — | NF. | —
Intermittent Load| 5,000 -~ | 5 | 8| 11 | 15 | 20 | 225 | 24.8 |[10.02
and Temperature 4,5000 1 | 4411 | 17| 22 | 30%] 41 | & 54.8 |11.86
In Phase 4,000) 1| 7| 195| 33| 455 66 | 92 [108 | 124.3 |10.6
1% Hr./A Hr. 3,500| 2 | 18| 55%| 945|130 (199 | — | -- | N.F. | --
Cycle 7 3,2000 6 | 36|99 (163 227 | == | =~ | == | N.F, | —
Intermittent Load| 5,000 ——| 28 6 | 9 | 113| 15 | 195 228 | 26.3 |15.50
and Temperature | 4,500 35| 7| 43| 21| 27| 37 43% 555 | 62.4 |10.43
Out of Phase - | 4,000{ -~ 5|21 | 39| 54 | 80 {122 |150 |174.5 | 9.64
1% Hr./ Hr. 3,500 3 | 29| 74 120 |166 [251 | == | — | NP, | --
Cycle 8 3,200 6 | 38|99 |165 |[229] — |~ |- | NF. | -

[ ]= Estimated or Extrapolated Value.
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to that used for the test results at 300°F and 450°F, with the exception
that the use of creep strains has not been continued. At the highest
stress of 5,000 psi the strain on initial application of the load is
estimated to be 0,094, while at the lowest stress of 3,200 psi the cor-
responding initial strain is 0.06%. Not only is the accuracy in the
estimation of these very small strains somewhat low, but even at the
lowest stress the time taken to reach 0.5% créep strain is not signifi-
céntly different from that taken to reach 0.5% total strain. It has
therefore been considered sufficient to report only the times to reach
specified total strains, data for 0.2% total strain being included to
provide an indication of the creep behavior of the material at small
deformations, even though these data are on occasions somewhat erratic.
Figs. 20-25 inclusive show the creep curves obtained under the
various test conditions employed, while the results are summarized as
the total elapsed times taken to reach specified total strains in Table V.
The values from this table have been plotted as stress/log time design

curves in Figs. 26-31 inclusive.

DISCUSSION OF TEST RESULTS

1. Methods of Analytical Approach

With the completion of the present test program, a fairly extensive
set of data at the three temperatures, 300°F, 450°F, énd 600°F, on 755-T6
alloy was made available for detailed analysis. Four methods of analyz~
ing these data have beer used, and on the basis of present results one
has been selected as the most satisfactory. Method 1 was based on the

use of the total times ( tex_) to reach various total strains as read
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directly from plots of total sirain against total time. Method 2 was
gimilar, but various creep strains were used in place of total strain
values. The creep strains are determined by subtracting from the total
gtrains measured by the equipment ail plastic and elastic strains occurr-
ing on the initial aﬁplication of the test load. Forv75S-T6 at the test
temperatures, theselinitialv§txains.included very little, if any, plastic
deformation, even at the highest test load of 42,000 psi at 300‘F.when
the initial strain was 0.45%. In method 3 the experimental data Were
plotted on stress versus log time coordinates as the total elapsed time
at the various test stresses to reach specified values of the total strain
(0.5%, 1.0%, 1.5%, 2.0% eto.) and rupture. Smooth average curves were
then drawn for each specified strain, and the times to reach these strains
at-any given stress can then be read from the curves. .Fof the test
stresses, these times, (‘:3 } may be considered as the most probable times
required to reach the specified strains. In this way the effects of the
scatier nermally encountered in creep testing were minimized without an
excessive burden of testing, and by replotting the t:j values at various
strains. for each test stress on strain/time coérdinates a typical creep
ecurve for each test stress may be obtained. Creep curves at any inter-
mediate stress ean obviously also be arrived at by interpolation, while
limited extrapolation can also be carried cut in many cases.if due judg-
ment is exercised. Method 4 involves a similar approach, using creep
strains instead of total strains. |

Two different view points have been used in the analyses of the data.
In the firstD comparisons of the experimental resulis under the various
eyclic conditions have been made on a basis of net time under load at
the test temperature, in order to assess the effect ¢f cyclic conditions
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on the rate at which creep takes place under the influence of the test
stresses and temperatures. |

A second type of analysis has been carried out using the correlation
-and prediction methods, previously d:'Lscuss'ed,(l”5 »6) based on the proposed .

functional equation

‘- thf(aﬂ} .

where & = total strain
C = time
U~ = stress
F = strain function

,Sr = gtress function.

Whence
oS K - sl |
£ ‘to-' gltd'“ ‘ (5)

if the function -g' is independent of strain, where
g\ts = time at some standard stress to reach a total strain &,
e,td“’ time at some other stress, d— , to reach a total straing,
&Lts = time at some standard stress to reach a total stirain & _
5zt§-= time at the other stress s O ) to reach a total strain €,
In the following discussion, the constant K as calculated using the ex—
perimentally determined times, tw s 1s denoted as Ke& s while that cal-
culated using the most probable times, tf) » obtained from the. appropriate
stress/log time curves is denoted :oy K3 . Cprrespondingly, the predicted
times, calculated by using T, for the chos‘en.standard test and the appro-
priate K,  in accordance with equation (5), will be designated "calc.U,, ",

while the calculated times, using tﬁ and the appropriate Kj will be
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designated “calc.t:ﬁ ", For the intermittent conditions, a second cal-
culated time ﬁay be arfived at by usingrtiﬁ'for the standard stress under
intermittent conditions, and V(: for the steady load and temperature con-
dition at fhe appropriate stress. This calculafed time, designated "calc.
153'3 is the essential objective of the prediction attempted with the
suggested method of analysis. For its calculation, only a ;epresentative )

test at the single standard stress under the intermittent condition is

required in addition to the normal isothermal, steady load creep data.

2. Analysis of 300%F Data

(a) Net Time Approach

The results obtained by comparing the‘isothermal,steady load data,
and the seven sets of various cyclic condition data on a net time basis
are summarized in Table VI. Inspection of these results suggests that
the effect of the various types of cycles on the creep behavior of 755-Té6
alloy at 300°F divides’them into two main groups. In the first group lie
those conditions which have little or no effect on the creep resistance
of the material. The in-phase combined load‘and temperature cycles 5
and 7 can be classed with the steady load isothermal condition, although
there are indications that rupture may be slightly delayed by the inter-
mittent condition. The steady load intermittent temperature conditions
of Cycle 3 may also be classed with the first group, since although the
net times to specified strains and fracture are slightly below the average
for the first group, the differences are hardly enough to be considered’
significant. The explanation Qf the above grouping is apparent when the
effect of temperature on éteady load isothermal creép is considered. Dur-

ing the part of the cycles when the test specimen is at room temperature,
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TABLE VI

Comparison of Average Net Times (NetT,) to

Reach Specified Strains for Various Intermittent Conditions

Creep of 758-T6 at 300%F

Total | Steady IC ' .

Stress | Strain d andCyclelCycle Lycle Cycle Cycle Cycie Cycle
psi Temp., | 1 2 3 5 6 | 7T 8
42,000 | 0.5 - —_— ] = =] =] =] -] -
1.0 8.3 83| 16 g | 11 6| 15 8
1.5 14 13 | 21 | 15 | 18 9| 23 | 12

2.0 18 |15 | 24 | 195] 21| 10| 30 | 14

Fracture | 205 |18 | 27 | 27 | 25%| 12| 36 | 16

38,500 | 0.5 (1 il é 1<y 2] (3]
1.0 25 23 | 32 | 27| 37| 20| 3 24,
1.5 42 305 | 42 | 39 | 50 | 26| 45 | 33

2.0 51 33| 46 | 44 | 55| 2| 52 | 37

Fracture | 58 36k | 51 47 585 | 33| 61 40

35,500 | 0.5 [2] 5 % | 4| L6l [5]
' 1.0 52 zgz sg 56k | 60 | 40 677 249
1.5 75 55 | 69 | 74 | 78 | 46| 18 | 60
2.0 90 60 | 76 | 81 | 85 | 50| 8 | 65

Fracture | 97 6/ | 85| 8 | 92 | 51| 94 | 70

33,500 | 0.5 [10] |10 | 10 | 43| 10 o3| [13] | [10]
1.0 84 65 | 81 | 85 | 8 | 60| 95 | 75
1.5 110 g1 | 97 |108 |110 |[65]|112 | 85

2.0 122 88 |105 |113 |120 | == ]120 | 90

Fracture | 130 91% |112% |[115] |@22] | -~ 127 | 91

31,500 | 0.5 [50] |32 | 21 | 35 | 27 | 17|[30][ ~-
1.0 135 o6 |[112% ([129] |[10] |[84]| 126" | 95
1.5 155 [20 |131 |[48] |[45] | -~ | 161 | 115

2.0 165 26 (141 |[155] |[160] | — | 165 | 120

Fracture [170 P30 |150 | == | == | —| — |12
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or considerably below 300°F, cfeep will be negligible for cycle 3, and
cannot occur in cycles 5 and 7 when the léad is also removed. Further,
except for the brief period near test temperature during the heating
portion of each ¢ycle, the specimen will not be affected by such témper- )
ature dependent processes as recovery; relaxation, or agifg.

.Uhder the out of phase combined intermittent conditions of cycles
6 and 8, and the intérmittent stress steady temperature conditions of
cycles 1 and 2, the material creeps appreciably faster than under the
steady load isothermal condition as ju&ged on a net time baslis, with the
off@ct teing least in the case of e¢ycle 2. This can be attributed pri-
marily to the recovery and bveraging occurring at the elevated temperatufe
in the absence of load. However, this does not appear to be a complete
explanation, since on this basis the reéovery'dnd oieraging effect should
be greatest for the case of cycle 1, where the specimen is at temperature
in the absence of load for half of the total eycle, snd approximately the
same for the other three cages, where the specimen is at temperature in
the absence of load for % hr. in each 2 hr. cycle. In fact cycle 6 appears
to bs most deleteriocus, and cycle 2 causes only a slight acceleration of
creep. It should be mentioned that in the case of both cycles 1 and 2,
creep reco#efy was observed during the off load portion of the cycle.
Although such observations were not possible in the other casés with the
equiphent used, since thermal effects in the extensometer during the over-
lapping intermittent temperature part of the combined intermittent cycle
obecured the true changes in specimen deformation, it is nevertheless
reasonable to assume that creep recovery also took place.

If, during the elevated temperature loaded part of each cycle the

ereep rate decreases with time, it may happen that in 13 hrs. of these
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conditions (cycle 2) the specimen creeps only a little more/than in 1 hour
(cycle 1). When the specimen is at temperaturé in the absence of load,
the amount of creep recovery in & hr. (cycle 2) may not be much less than
in 1 hr. (cycle 1). Thus the net defofmation during one compleﬁe 2 hour
cycle of cycle 2 may be but 1little greater than during one complete 2 hour
cycle of cycle‘l. On the other hand, the net time taken for this deforma-
tion is 13 hours in the first case (eycle 2), bﬁt only 1 hour in the
second case (cycle 1). Consequently, if this type of behavior continues

in a greater or lesser degree throughout the test, in order to reach a

' specified strain the net time (at temperature under load) would be greater

in the case of cycle 2, or, in general, would be greater the greater the
proportion of each cycle which the test specimen spends under load.
Fig. 32 shows diagrammatically a hypothetical éase under the various cyclic
conditions used in second group of cyqles, namely those which produce an
acceleration of creep and rupture, and it will be seen that while no numer-
ical significance can be attached to the values, the arnangemeﬁt of the
various cycles in order of their relative effect on creep behavior agrees
with the experimental observations. A detailed, accurate analysis of the
creep behavior dﬁring a cycle at variéus places along the creep curve
would obviously be necessary before this hyﬁothesis gould ﬁe considered
further.

(b) Analytical Correlation and Predictién

Although a detailed presentation of the results of applying Egs. (3)
and (4) to the data obtained at 300°F is not possible within the scope of
this report, a typical example is given in Table VII for the case of
cycle 3 conditions. It will be seen that the.predicted values of the
time to reach given total strains, agree reasonably well with the wvalues
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~ STEADY LOAD, STEADY TEMP
_— R NET TIME.= 2 HRS.
/ | ~ DEFORMATION = X
o NET AVERAGE
/ CREEP STRAIN RATE = 0-5X/HR.
CYCLE 1
T~ NET TIME = | HR.
, Tt — e J DEFORMATION =0.72 X
: NET AVERAGE
CREEP - CREEP _ STRAIN RATE °0.72 X/HR.
RECOVERY |
CYCLE , 2
_— "~ — NET TIME = 1% HRS.
/ | DEFORMATION = 0.74X
| | NET AVERAGE
/ CREEP e STRAIN RATE * O-49X/HR.
CYGLE 6
NET TIME = % HR:
— - DEFORMATION = 0.54X
LOAD OFF Y NET AVERAGE _
CREEP e TEME LOWLTEMP. LOW | creep |~ STRAIN RATE * MOBX/HR.
NO CREEP | NO CREEP | RECOVERY
RECOVERY
CYCLE 8
o B NET TIME = | HR.
) | = DEFORMATION =0.77X
. LOAD ON | NET AVERAGE
CREEP—*—TN%MghEL(E)gﬁkBEEE.-RCE%%%ERY- . STRAIN RATE *O-77X/HR.
|
HOURS

FIG. 32 HYPOTHETICAL DEFORMATION DURING VARIOUS TYPES OF CYCLES.
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TABLE VII

Data for 75S5-T6 at 300°F.

Analysis of Creep
, Cycle 3

Table VIIa., Total Strain Basis

i . Average
Stress Total Times to Total Strains ofy (Graphical)
psi Variable [ 0.5 1.0 1.5 2.0 [Fracture| "K" Value
42,000 o 0.1 16.0 | 30.0 | 39. 5404
Koo 10.0 3.5 2.6 2.3 1.7 2.6
cale. ¢, | 0.4 21.5 30.5 34.0 | 36.0
K5 hakad 304 2.6 2.3 107 2.6
calc. ¥y | 0.4 21.0 | 30.0 | 34.0 | 36.0
cale. ts 0.3 19.0 27.0 30.0 32.5
38,500 € 1.0 56.0 79.9 88.5 94.0 1.0
(Standard) Ca 1.0 55.0 78.0 88.0 94.0 1.0
35,500 Coe 9.0 113.0 |145.0 |160.0 |168.3
K ew 0.11 . 0.50 | 0.55 0.55 0.56 0452
calc. Cop | 2.0 108.0 |152.0 |[170.0 |181.0
Cq 10.0 113.0 |[148.0 [162.0 |170.0
Ky 0.10 049 0.53 0.54 | 0.55 0.52
cale. £y | 2.0 |106.0 {150.0 [169.0 |181.0
calc. £, | 2.0 98.0 |134.0 |157.0 |168.0
33,500 Coee 29.0 {176.0 |219.0 |230.0 | -~
K% 0.035 0032 0036 0039 —— 0034
cale. L, | 3.0 165.0 |232.0 |260.0 | 276.0
A 29.0 |170.0 |215.0 |225.0 |230.0
03100 t:) 300 153.0 217:0 24400 261.0 :
calc. To | 2.5 138.0 |195.0 |220.0 |235.0
31,500 C e 70.0 - - - -
e 0.014 | — - - - 0.22
calce Cer | 445 256.0 |361.0 |[404.0 |430.0
Cq 70.0 255.0 |295.0 |[310.0 | --
Ko 0.014 | 0.22 0.26 | 0.28| -- 0.26
cales Cq | 4.0 |211.0 |300.0 {338.0 [361.0
calcs £, | 3.5 183.0 | 260.0 [293,0 |313.0
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Table VIIb. Creep Strain Basis

Stress Total Times to Creep Strain ofg (Gﬁ:;;igzl)
psi Variable | 0.1 | 0.2 0.3 0.5 1.0 2.0 "K" Value
42,000 €ee 1.0 440 8.0 | 15.5| 29.0 | 44.5
K e 2.0 2.5 3.1 3.2 2.6 2.1 2.6
calce e | 1.0 440 9.0 19.0| 29.0| 36.0
Cq 0.9 4.0 8.0 | 15.5| 29.0 | 44.0
Ky 2.7 3.0 3,0 3.0 2.6 2.1 2.7
cale. T, | 0.9 40 9.0 | 17.5| 28.0 | 34.5
calc. ‘\—’,3 0.8 4e0 8.5 17.0 | 27.0 | 33.0
38,500 e 2.0 | 10.0 | 25.0 | 49.0| 76.0 | 93.5 1.0
(Standard) Eq 2.3 | 11.0 | 24.0] 47.0| 75.0 | 93.0 1.0
35,500 C 2. 6.0 | 30.0 | 60.0 |100.0 |145.0 |168.0
Kew 0.33]| 0.33] 0.42] 0.49] 0.52] 0.56 0.44
cale. Yer| 4.5 | 23.0 | 57.0 {111.0 | 173.0 |214.0 .
ta 5.5 | 30.0 | 58.0 | 96.0 |140.0 [168.0
Ky 0.43] 0.37] 0.4 0.49] 0.54] 0.55 0.46
cale. ¥4 | 5.0 | 24.0 | 52.0 |102.0 [163.0 [202.0
calé. tq | 5.0 | 23.0 | 50.0 | 98.0 |156.0 [194.0
33,500 C 2 8.0 | 55.0 | 98.0 |144.0 |208.0 | —
: Kox 0.25| -0.18{ 0.26] 0.34] 0.37] -- 0.25
calc. U | 8.0 | 40.0 |100.0 |196.0 |304.0 |374.0 ,
Cq 9.5 | 55.0 |100.0 |145.0 | 210.0 [250.0 ;
Ko 0.24| 0.20] 0.24] 0.32] 0.36 0.37 0.29
cale. Cq | 8.0 | 38.0 | 83.0|162.0 | 259.0 |321.0
cale. X, | 7.0 | 3445 | 75.0 | 147.0 [ 235.0 |291.0
31,500 C e 20.0 {103.0 |180.0 | =—- - —
Kew 0.10| 0.10| O0.14 -— _— - 0.12
calc, Ceue [19.0° | 92.0 |208.0 | 408.0 | 633.0 |779.0
Cq 17.0 [100.0 |180.0 | 218.0 | 305.0 [375.0
Kaq 0.14] 0.11] 0.13] 0.22] 0.25] 0.25 0.17
cales o [13.5 | 65.0 |141.0 | 277.0 | 441.0 | 547.0
calc. .Ej 11.0 52.0 11400 22400 35700 4-43.0
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Table VII (Cont'd.)

Q ] = Estimated or extrapoiated value.
= Actual experimental times, from strain/time creep curves.
Ce, for standard stress.
Kew = “K* value based on We = _E?;, for other stress
cals, L., = Calculated times for equation (2), using average Ye. for
appropriate stress and ‘e, for standard stress (38,500 psi).
3 = Best average time, determined from stress/log time plots
using te, values at specified strains.
' Cq for standard stress
KJ = %K value based on Kﬂ t., for other stress
ealc. U4 = Calculated times from equation (2) using average Ky for
— appropriate stress and €, for standard stress (38,500 psi).
cale, tj = Calculated times from equation (2} using average Wy for
appropriate stress from steady load steady temperature tests
(see TableVl: below) and '€y for etandard stress (38,500 psi)
under intermittent cycle 3 eonditionso

Table VIIc. Average %g Values for Steady Ioad Steady Temperature
Tests. (Used in Calculation of Calc. Ca _Above)

fverage Kg for Stress iverage Ko foy
“Totdl Straims pai Creep Strains |

2.9 ~ 42,000 2.8

1.0 38, 500 1.0

_ (Standard)

0.56 35,500 0.48

0040 33,500 0.32

0,30 31,500 0.21
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determined from the test data, for total strains of 1% or greater. The
values, c:*:alc:,_t.S s predicted from ’c.hg appropriate average values of Ir(3
for the steady load isothermal daia, and the times bj_ to vﬁr’ious total
for a representative test at the standard stress under intermittent con-
ditlons, also agree) well over the range 1% to the fracture, with the
representative values of US at the other test stresses under 1ntermittenf
conditions. Data predicﬁed by both methods are plotted as strain versus
time curves in Fig. 33(a). By using a standard stress of 38,500 psi, it
may be seen that the predicted values calc. \73 or calc._Eﬂ ’ become
less close to test daf,a as the stress level of the predicted results be-
comes more removed from the chosen standard stress. In the case given
as an example, some improvément can be made by using a standard stress
closer to the stress for which data ars to be predicted.

Further examination of Table VII and Fig. 33(b) will show that if
the same analytical processes are applied to the times requlired to reach
specified creep strains, as opposed to total strains, improved agreement
is reached at the lower strain values, covering an equivalent total strain
range of 0.5~1.0%. At the higher values of strain, however, the use of
creep strain ciata causes a surprisingly greater deviation between pre-
dicted and actual values ’chan~ is the case when total strain détaare used.
Further, the deviation increaées more rapidly in the case of éreep strain
‘data, as the stress departs from the chosen standard stress. If agreement
is sought over the largest possible range of creep, therefore, the total -
strain basis for analysis ‘is to be pfeferredo

This same conclusion can be derived from a study of Tables VIII and
IX-in which both detailed and average Kj values are shown for the var-
ious eyclic conditions. Tabls VIII demonstrates that the condition involved
WADC TR 53-336 Pt 4 | 45
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. Values of a4 at Various Stresses,

TAB

LE VIIT

Total Strains

and Intermittent Conditions. Greep of 756-16 at 300°F
Standard Stress = 38,500 psi (K = 1.0)
Table VIIIa, Total Strain Basis
Totall Steady
Stress [Strain Load |Cycle|’ycle | Cycle | Cycle |Cycle |Cycle |Cycle
psi 4 bnd Temp 1 2 3 5 6 7 8
42,000 | 0.5 == - - —_— —-— — -— —
1.0| 3.0 [2.6 | 2.1 | 3.4 3.4 3.5 | 2.5 | 3.0
1.5 3.0 (2.3 | 2.0 | 2.6 2.8 2.9 | 1.9 | 2.8
2.0 2.8 2.2 | 1.9 | 2.3 2.6 2.8 | 1.8 | 2.64
F | 2.8 [2.0 |1.9 [1.7 2.3 2.8 | 1.7 | 2.45
Ave | 2,9 2.1 | 1.95 | 2.6 2.7 2.9 | 1.9 | 2.7
35,500 | 0.5| =-= (0.89 | 0.27 |0.10 | 0.19 | 0.09 | - -
1.0 | 0.48 ]0.51 | 0.58 | 0.49 | 0.62 | 0.50 | 0.56 | 0.49
1.5| 0,56 [0.54 | 0.60 | 0.53 | 0.65 | 0.56. | 0.58 | 0.55
2.0 0.57 10.55 | 0.60 | 0.54 | 0.65 | 0.58 | 0,61 | 0.56
F | 0,60 [0.57 | 0,61 | 0.55 | 0.64 | 0463 | 0.65 | 0457
Ave | 0.56 0455 | 0.60 | 0.52 | 0.61 | 0.56 | 0.60 | 0.56
33,500 | 0.5| — ]0.03 | 0.12 | 0.035 | 0.065 | 0.04 | == —
1.0| 0.30 |0.35 | 0.40 | 0.32 | 0.44 | 0.33 ] 0.39 | 0.32
1.5] 0.38 |0.36 | 0.43 | 0.36 | 0.45 |[0.40]] 0.40 | 0.39
2.0| 0.42 0.38 | 0.44 | 0.39 | 0.46 -~ |[0.44] | 0.41
F | 0.45 |0.40.] 0.45 |[0.41] |[0.48] | — | 0.48 | 0.42
Av. | 0440 }0.37 | Cu43 | 0.36 | 0.46 | 0.41 | 0.42 | 0.39
31,500 | 0.5 =-- |0.01 | 0.06 | 0.014 | 0.024 | 0.021] — —
1.0 | 0.19 |0.22 | 0.29 [[0.22] [[0.34] [[0.24]| 0.30 | 0.22
1.5 | 0.27 [0.25 | 0.31 {[0.26] [[0.34] - "] 0.28 | 0.28
2.0 | 0.31 |0.26 | 0.32 [[0.28] |[0.34] -~ | 0.32 | 0.30
F 0034 0028 0034 i - - — 0032
Av. | 0.30 |0.25 | 0.31 | 0.26 | 0.34 | 0.30 | 0.30 | 0.28
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Table VIITb. Creep Strain Basis

Creep| Steady
Stress Ptrain| Load |Cycle |Cycle |[Cycle |Cycle |Cycle [Cycle | Cycle
psi ¢ Bnd Temp| 1 2 3 5 6 7 8
42,000 | 0.1| == — - 2.7 3.3 7.7 - -
0.2 | 0.26 343 | 344 3.0 3.5 7.7 3.5 2.52
0.3 | 3.2 2.99 | 2.63 | 3.0 3.4 4o2 3.0 3.07
0.3 2.9 2.44 | 2.38 | 3.0 3.5 3.5 2.5 3.04
1.0 | 3.0 2,28 | 2.08 | 2.6 | 2.5 3.1 | 2.2 2.70
2.0 | 2.8 2.13 | 1.80 | 2.1 | 2.4 | 2.8 2.2 2.45
Av. | 2.8 2,50 | 2025 | 2.7 | 2.8 | 3.7 | 2.6 2.7
35,500 | 0.1| == 0023 | 0,40 | 0.43 | 0.38 | 0.35 - -
0.2 | 0.42 Ookde | 0649 | 0637 | 0.37 | 0440 | 0.64 | 0.49
0.3 ] 0.43 | 0.50 | 0,50 | 0.41 | 0.43 | 0.47 | 0.56 | 0.50
0.5 | 0.47 0,53 | 0o54 | 0,49 | 0.58 | 0.53 | 0.58 | 0.52
1.0 | 0.53 | 0252 | 0,57 | 0.54 | 0.58 | 0.55 | 0.61 | 0.53
2.0 | 0456 | 0,55 | 0.60 | 0.55 | 0,60 | 0,60 | 0.61 | 0.57
Av. | 0.48 050 | 0e54 | 0.46 | 0.47 | 0.50 | 0.58 | 0.53 -
33,500 | 0.1| == | 0,09 | 0.22 | 0.24 | 0.20 | 0.19 - _—
0.2 | 0.25 0.26 | 0.33 | 0.20 | 0.18 | 0.26 | 0.35 | 0.31
0.3| 026 10.31 } 0.34 | 0.24 | 0.24 | 0.30 | 0.40 | 0.33
0e5 | 0.29 0,32 | 0.39 | 0.32 | 0.41 | 0.37 | 0.42 | 0.37
1.0 | 037 0036 | 0.42 | 0.36 | 0.44 | 0.39 | 0.46 | 0.40
2.0 | 0.41 |[0.38 | 0.44 |[0.37]|[0.46] | - |[0.47]] 0.41
Av. | 0.32 0.33 | 0,38 | 0.29 | 0,29 | 0.33 | 0.41 | 0.36
31,500 | 0.1 )| == 0.04 | 0.12 | 0,14 | 0,10 | 0.11 | =-- -
0.2 | 0.14 |0.16 | 0.26 | 0.11 | 0.09 | 0.18 | 0.25 | 0.20
0.3] 0.16 |0.20 | 0.26 | 0.13 | [0.15]1} 0.21 | 0.30 | 0.23
0.5 | 0.19 0.22 | 0.30 | 0.22 |[D0.28)] 0.26 | 0.31 | 0.26
1.0 | 0.26 | 0.25 | 0.32 |[0.25] | [0.33] |[0.29] | 0.35 | 0.295
2.0 | 0.31 | 0.27 | 0o34 {[0e25] -= -~ - | o.:1
Av. | 0.21 |0.23 | 0.2 | 0.17 | 0.17 | 0.23 | 0.30 | 0.25
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~ 4n the use of B. (2) for prediction purposes, namely that the value of
the factorv K is independant of strain, is not strictly fulfilled, the
values of KJ varying systematisally with strain, and the spread of the
valuss imreasing as the stress departs from the chosen standard where
K =100 Fig. 34 shows the effect of both stress and strain on the K
factor for the case of cycle 3 conditions, This might well be expected
st 300F where overaging will contime throughout the duration of the
oreep test, thus causing a continued change in the material undergo'ing'
creep &8 time increases during the test. It is likely that this wounld
csuse & change of K, with tim9 which is synonymous with a change of K3
with strain. (

Table IX shows the improvement effected by the averaging technique
used in getting ir’ospresen‘ﬂ’.a‘h,:iva C: values, It can also be seen from this
table that, in spite of the variation of Kq with strain, as noted sbove,
the avarige ‘v;alues do not vary excessively with the c¢yclie condition. As
indicated in an earlier section,prediction of creep under intermittent
conditions ean therefore usefully be carried out with a minimm of test-
ing under intermittent sonditions, particularly if the stress range for
which predicted dataarae required is not too large,

3. Analysis of 450°F Date

(a) Net 'Time Appreach
Only one oycle {cycle 3) was used in the teéts sonducted in the
present program, since studies of the effect of the other 1n£ermittent
éonditione had already been nadeo“"s +6) As was found during the presently
reported series of tests at 300°F, the test results obtained in the cur—
rent investigation under eycle 3 conditions were not entirely compatible
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TABLE IX

Average Values of ¥ex, and Kq for Various

Stresses and Intermittent Conditions

Creep of 755-T6 at 300°F

4 Deviation]

Cycle Cycle Cycle‘Cycle Cycle|CyclefCycle | from SIST

+ |

NO I~ O o ~H~F OV O
T~ oMy N0 O ~I 00 N
el L W 224@94

8

0.38

7

0.34

6

0.41

>

0.46

3

2
Total Strain Values

Creep Strain Values

1

0.56 | 0.55 | 0.60 | 0.52] 0.61} 0.56]| 0.60| 0.56

0.40 | 0,37 | 0.43 | 0.36] 0.46]| 0.41] 0.42] 0.39

0.30 | 0.25 | 0.31 | 0.26} 0.34| 0.30| 0.30 0.28

0.48 | 0,50 | 0.54 | 0.46] 0.47] 0.50] 0.58] 0.53

0032 0033 0038 0029 0.29 0033 0041 0-36

0e21 | 0.23 | 0.29 | 0.17] 0.17| 0.23| 0.30]| 0.25

Stress | SLST

"

33,500 | 0,40 | 0.38 | 04l | 034

1

-n

”n

1,500 [0e21 [ 0eR4 | 0.30 [ 0.12] 0.40| 0,20 0.28] 0.26
a

Kex | 35,500 0:56 0.53 [ 0.58 | 0.52] 0.60] 0.60[ 0.47] 0.55

4
ox

Wq

K
Wy

Kex | 31,500 [ 0.31 [ 0,25 | 0.31 [ 0.22] 0.36] 0.32] 0.26] 0.27

Kq

Kex | 35,500 1 0.50 [ 0.48 [ 0656 [ 0.44] 0462 0443 0.51| 0.55

e | 335500 [ 0433 | 0,32 [ 0.40 [ 0.25] 0,49 0.26| 0.36(.0.37

Kq

Kex
K‘;\

WKa

SIST = Steady Load, Steady Temperature
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with those previously described in the above references. The present
series showed the material to be considerably weaker at the lower stresses
under intermittent temperature cycle 3 conditions when compared with the
early steady load isothermal data although agreement was good at the higher
stresses. This conclusion is unlikely to be correct, and is contradictory
to the previous results and to the results obtained in the extensive tests
of the present series at 300°F. Further, at 300°F, shorter times were
required to reach specified strains or fractufe in the present steady load
isothermal tests than in those conducted earlier. It was considered that
the differences might perhaps be explained by differences in testing tech-
niques, but check tests mentioned earlier showed that the change in the
initial heating cycle of the test plece before the application of the
first load was not responsible. It was also considered possible that the
long storage of the material (3% years) might have resulted in slight
changes in its properties. Check tensile tests agreed closely with those
carried out when the material was first delivéred, but it was still poss-
ible that although no change in tensile properties could be detected, the
creep properties may have been affected particularly at the slower creep
rates since it is well known that the creep properties of many materials
are very sensitive to minute changes in structure. A well known example
is the effect of different deoxidising agents on the creep rate of killed
open hearth steels.(ll) When, however, the repeated Series II tests at
300°F under cycle 7 conditions, and the 600°F steady load isothermal tests
were done on the same sheet of specimen stock and both these sets of re-
sults indicated a creep strength greater than that found by other tests

in the presently reported work, and more compatible with earlier reported
data(4), it seemed most probable that the differences discussed arise
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arise from variation between the sheets of specimen stock material.

(b) Analytical Correlation and Prediction

Application of the methods of correlation and predictioﬁ already
described to the present cycle 3 test data at 450°F gave good results.
The V(a factor appears to be much more indepen@ent of strain over the
range from 0.5% total strain to fracture, than was the case at 300°F, and
excellent agreement between éxperimental and predicted curves was obtained.
Table X and Figs. 35 and 36 illustrate these points. The greater inde-
pendence of the W values at 450°F than at 300°F with respect to strain
agrees with the suggested explanation offered for the 300°F case. Av
450°F any overaging at test temperature is probably completed early in
the test, and subsequent changes in the material due to this cause are
minor. No changes in the K values as the test conﬁinues are therefore
to be expected dué to this cause, |

It will be seen from Fig. 35 .and Table X that at 450°F, as at 300°F,
the correlation procedure adopted is much more successful when total strains

are used than when the analysis is conducted on the basis of creep strain.

Lo Analysis of 600°F Data

(a) Net Time Approach

In agreément with the comparisons discussed at 450°F between the

data &f the present test series, and previously reported data,(A’é) cer-
tain differences between the two sets of results appear to exist. As was
the case at 450°F, agreement‘between the two groups of data is good fbr

the higher stress shorter time tests, but in the present series the mat-

erial now appears weaker in the longer time lower stress tests than pre-

viously reported results indicated. For this reason a new series of
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TABLE X

Strains

and Intermittent Conditions.

Ka Values for Various Stresses
Creep of 756=16, 450 F.

Cyc:l.e 3 .

Table Xa. Total Strain Basis
Averdge
Stress KS for Total Strains of:  Graphical)
psi 5% | 1.0% | 1.5% | 2.0% | 3.0% | 5.0%Fracture] ¥s
12,000 | 5.1 | 46 | 4e7 | 406 | 4.6 | 4.6 l 4.6 46
10,000 | 1.38 | 1.33 | 1.33 | 1.34 ! 1.34 | 1.320 1.33 1.34
9,500 © Standard Stress. All = 1,0
9,000 | 0475 | 075 | 0474 § 0.75 y 0.74 | 0.75; 0.73 0.76
8,600 | 0.59 | 0.60 | 0.59 | 0.60 | 0.59 | 0.59] 0.58 0.60
8,200 | 0446 | 0.48 | 0.48 | 0.48 | 0.48 [ 0.49] 0.49 0.47
Table Xb. Creep Strain Basls
f K, for Creep Strains of: Average I
Stress 3 ) [Graphical)
psi 0.1 0.2% | 0.3% | 0.5%Z | 1.0% | 2.0% | 5.02 | ¥a
12,000 —— 503 5.1 4.6 4.4 4’04 404 407
10,000 - 1.19 | 1.22 1 1,18 | 1.20 | 1.26 | 1.25 1.30
9,500 . Standard Stress. All = 1.0
9’000 - 0084 0085 0081 0078 0075 0076 0078
8,600 — 0076 0072 0067 \0061 0058 0055 0.64
8,200 - 0.70 0.60 0.52 0.43 0.38 — 0.52
WADC TR 53-336 Pt 4 54,
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steady load isothermal tests were conducted to provide a basis for compar-
ing the tests of the presently reported series by ﬁe net time method.

As previously described the results obtained were compatible with earlier
reported data“'), but indicated somewhat greater strength, particularly
at the lower stresses than pi'esently reported intermittent data. These
differences are considered to arise from slight differences between the
various sheets of specimen stock.

A comparison is made in Table XI, 'he_fe it may be seen that in gen—
eral the varionus cyclic conditions appear to have no systematic effect
on the sreep behavior of 758-T6 alloy at 600°F. 4 possible exception to
thif generalization exisfa for the steady load, intermittent heating con-
ditions of cycle 3, particularly at the lower stresses. The lncoreased
creep apparently resulting from this cause may most probably be ascribed
to small amounts of deformation occurring during the heating portion of
sach cycle, where the temperature begins to approach 600°F, and the test
load is operative. The same conditions exist to a more restricted degree
in the combined out of phase cycle 8. Here, although the specimen is
under load during the heating portion of each cycle, the rate of heating
is greater, and the effect suggested would be considerably less. Ths
- 8lightly lower values of the net time to specified sirains for the longer
times support this suggestion.

The approximate equivalence of all the cyclic test conditions employed
at 600°F, as opposed to the marked weakening effects observed at 300°F for
some eycles, supports the explanation previcusly offered. The recovery
and overaging processes, which are considered primarily responsible for
the reduction in creep strength at 300°F in those cases when the specimen
is subjected to elevated tempsrature in the absence of load, will undoubtedly
WADC TR 53-336 Pt 4 56



TABLE XT

- Comparison of Average Net Times (Nett, ) to
Reach Specified Strains for Various Cyclic Conditions

Creep of 755-T6 at 600°F

“Total

Steady
Stress | Strain [Load and| Cycle|Cycle |Cycle |Cycle |[Cycle
psi Z Temp., 3 5 6 7 8
5,000 0.2 3 1 3 - 1 .
0.5 2 1 15 1 1% 1%
1.0 b 2z | 3 2% 4 | 3
1.5 6 32| 4 4 6 1%
2.0 e 4% 52 5 8% 6
3.0 10 6% T 6y | 112 7
5.0 13 9 10 g | 15 10
18 | 1% 113 | 124 | 18 | 13%
45500 0.2 2 1 3 3 3| --
0.5 3 2; 2 2% 1 | 3
1.0 75 5% 65 62 s 6%
1.5 12 g8 '| 10 10 12 | 10
2.0 15% 11 135 | 13 165 | 13
3.0 206 | 155 | 7| 1B | 23 u%
5.0 29 21 235 | 26 31 | 233
41 29 30 38 405 | 32
4,000 0.2 1% 1 3 -% ¥ | -
_ 0.5 6 | 5| 5 6 | 5% | 6
1.0 17 | 1% | 14 | 18 165 1&%
1.5 27 | 195 | 235 | 26 26% 215
2.0 37 25 33 34, 35 29
3.0 50 & | 4% | 4B | 51 4%
5.0 72 48 60 — 70 61
102 68 88 - 94 88
3,500 0.2 3 2 13 3% 2% | -
0.5 16 13% 12 165 | 13 | 12%
1.0 43 265 | 32 50 40 33
1.5 66 42 60 |[70}. | 65 525
2.0 90 57 9% | - 86 73
3.0 128 80 — — | 150 | 113
5.0 190 |110 - - —_ -
250 —_— —_— -— — —
3,200 0.2 7 2F | 2% 7 4 -
0.5 31 21 20k | 27| 27 1%
1.0 "8 40 55 (Ls7]l | ™ 55
1.5 18 66 | 113 |[s5] | 131 o8
2.0 160 93 — — |18 | 140
3.0 230 |130 — — —_ -
5.0 |[330] |[80] | -- - - -

WADG TR 53-336 Pt
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take place very much more rapidly at 600°F. Overaging will be complete
at a very early stage of the test, while the effects of deformation at
300°F which are recovered slowly at this temperature in the absence of
load, are unlikely to occur at 600°F, where tensile results indicate that
recovery 1is very rapid.

(b) Analytical Correlation and Prediction

The procedures used to analyze the test data obtained at 300°F have
been applied to the 600°F data, with the exceétion that for reasons given
previously, the test results have been expressed only in terms of total
strain, the creep strain data being omitted. Tables XII and XIII summarize
the rgsults of correlation by the K factor, while Figs. 37 and 38 provide
examples of the prediction of creep data by the use of this correlation
for cycle 3 conditions (steady load, intermittent temperature, 1 hr./1 hr.).
On the whole prediction of the 600°F data showed somewhat better agreement
with the average experimental values than was the case for 300°F, but the
same tendencies were found for increased deviation of the predicted creep
curve from the experimental curve as the stress became more remote from
the standard stress on which the correlation was based. Agreement of the
average K values for the same stress applied under different cyclic con-
ditions was close, confirming the postulate that the stress function,‘f R
of Bq. (1) is,to a good approximation, independent of the cyclic condition.
Consequently the maximum use may be made of the prediction methods developed,
and the calculation of data at any stress (within a moderate stress range)
under intermittent conditions requires only one test at some standard
stress under the intermittent condition, and sufficient steady load iso-
thermal creep data to evaluate the W for the unknown stress in relation
to the standard. Altematively at 600°F a fair approximation for the
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TABLE XTI

Values of K, at Various Stresses, Total Strain and

Intermittent Conditions.

Creep of 755-T6 at 600%F.

Standard Stress = 4,500 psi (Kg = 1.0).

Total ’
Stress| Strain New Cycle Cycle Cycle Cycle Cycle
psi z SIST 3 5 6 7 8
5,000 0.2 1.40 1.96 1.60 - 1.76 -
0.5 1.50 2.35 1.76 2.4 1.89 2.0
1.0 1,76 A 1.94 2.70 2.02 2.10
1.5 2.00 2.33 2,22 2.58 2.06 2.15
2.0 2.07 2.34 2.30 2.60 2.00 2.17
3.0 2,05 2.38 2.27 2.59 2.03 2.33
5.0 2.23 2.33 2.35 3.06 2.05 2.35
F 2.28 2.32 2.61 3.16 2.16 C R 42
Av. ‘205 2.35 2.30 2.60 2.05 2.20
4,000 002 0056 " 0049 0051 Oc24 0053 a——
0e5 0.50 0.43 049 0.40 0.49 0.48
140 0644 0.44 0.46 0.37 0.48 0.45
1.5 0s44 0445 0.43 0.38 0.47 047
2.0 0442 0.4 0.40 0.39 0.47 0.45
3.0 0.41 . 0445 0440 0.37 . 0445 0.42
5.0 0040 OOM 0539 - 0044 0.39
F 0,40 0043 0034 - ——— 0043 0037
Av, 0.45 0445 0445 0.38 0.45 0445
3,500 0.2 0.23 0.25 0.22 0.55 0.27 —
05 0.19 0.17 0.21 0.16 0.20 0.23
1.0 0.17 0. 0.20 0.14 0.20 0.20
2.0 0017 0019 0015 — 0019 0018
3.0 0.16 0.19 - - 0.15 0.16
500 0015 0319 — — — —
F 0.16 - - - - -
Av. 0.18 0.20 0.20 0.16 0.18 0.19
3,200 0.2 0+100 0.18 0.12 0.026 0.16 -
0.e5 0.097 0.11 0.12 0,097 0.10 0.13
1.0 0.096 0.14 0.12 0.077 0.10 0.12
1.5 04100 0.13 0.089 0,087 0.094 0.10
2.0 0.097 0.12 - — 0.090 0,093
3.0 | 0.089 | 0.12 - — - -
540 0.088 0.12 - - - -
F — —— — — f— ——
Av. 0.097 0.12 0.12 0.070 0.10 0.11
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TABLE XTIT

Average Values of Ke. and g for Various
Stresses and Intermittent Conditions
Creep of 755-T6 at 600°F (Total Strain Values)

1 (&) | (4) .
Stress New |Cycle Cycle Cycle Cycle Lycle
Value psi SIST | SIST 1 2 3 5
Kee | 5,700 |3.2 10,075 | — | -
K° n - | —_— _— —_— —
K‘L‘ 5,000 --— 1.8 — — 2.4 301 2
Wa " - 2.05 — | -= ]2.35]2.3 |2
<si’;§32 ) A11 K Values = 1.0
Kew Z,,200 — - — | = 1 - — | 0.
Wa n — - e — | - joO.
Kex Z,,000 036 1040 10.2110.38 10.22 1 0.25 10.40
Ka n — 0.45 — | ~= |0.450.45]0.38
Kex | 3,500 0.1 |0.I7 [0.18{0.18 (0,20 [ 0.22 |[0.18
Kq " — 0.18 — - | 0.20}0.20{0.16
Wen 3,200 0.086 |0.09 0.11 [0.14 [0.13]0.14 | 0.11
Kq " - 0.097 | -- | — |0.12}0.12 | 0.07
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intermittent condition may be achieved as described in the previous section
by using the total strain values'obtained from a steady load isothermal

test reached in the same net time under load at the test temperature.

EVALUATION OF ANALYTICAL METHODS

1. Introduction

The successful use of methods of analysis and prediction of creep
data developed and discussed in this and‘previous reports has so far been
demonstrated only for a relatively iimited range of intermittent conditions,
and in detail for only one material - aluminum alloy 755-T6. The detailed
analysis of these results has not only shown that for most of the cases
examined‘ good agreement between calculated and actual creep curves can be
obtained at moderate strains but it has also shown that the X factor in-
volved in the method is insensitive to the type of cycle involved in tests
under, intermittent conditions, at least within the range of the eight cases
studied. This detailed analysis has also disclosed a weakness in the
method, inasmuch as the factor K is slightly dependent on strain, its
variation with strain (or time) increasing as the test stress becomes
further removed from the standard stress of the analysis. It was there-
fore considered necessary to conduct an extensive survey of available
creep data from both steady load isothermal tests, and from intermittent
~ condition tests in order to assess the validity, and the range of applica-
tion of the proposed methods of analysis. The former type of data could
be used to evaluate the extent to which the K factor might vary with

strain, and to established whether the basic equation

€=~ F{t-ﬂo-)}
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previously proposed could be applied to the prediction of creep data in
general, or whether restrietions on its range of validity were imposed

by such variables as type and cemposition of material, siress range, strain
range, and duration of the test. These limitations would be additional

to the obvious condition that the above equation cannot be valid when

large plastic strains are produced on application of the test stress. An
analysis has also been made of the resulis of creep tests under several
types of intermittent conditions carried out at Cornell Aeronautical Lab—

oratories Inco(798)

on a number of materisls, in order to test the apparent
independence of the W factor with respect to the type of intermittent:

test condition observed in the present series of tests.

2, Oriterig for Evaluation

Up to the present;, it has been considered desirable for the predicted
times to reach various strains at some specified stress to be within 420%
of the average experimental value, For strains of about 1€ this criterion
would represent agreement of the same order as the normal seatter found
in ereep testing many commercial alloys. However, it may be that this
standard is unneccessarily rigid, particularly at low strains. The design
infomation often required is the value of the stress which will cause
specified strains or fiacture'in givenr#imes. In many cases an error of
#20% in the times involved is associated with a considerably lower per-
centage error in the corresponding value of the stress. The data for the
steady lead isothermal creep .of 75S-T6 alloy at 300°Fkeve been used to
illustrate this point. The values of caleot:3 for specified total strains
at the five test stresses‘hafe been replotted as strgss/log’time curves,

and the stress required to produce strains of 1.0%, 1.5%, 2.0% and fracture
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in times of 20, 50, 100 and 150 hrs. determined from the graphs. Fig. 39
shows the actual and calculated stress/log time curves. In Table XIV(a)
the comparison of calculated and experimental data is made on a time basis,
while in. Table XIV(b) the comparison is made on the btress basis described
above. It may be seen that the difference using the latter criterion is
for the most part negligible from the design viewpoint, even though
appreciable differences exist when the corresponding comparison is made
on a time basis. At low stresses and longef times, when the stress/log
time diagrams often become flatter, considerable differences in times to
reach a specified stréin may still correspond to an unimportant difference
in.permissible design stresses. ' Judgment as to the effectiveness or other-
wise of the proposed prediction procedures must therefore be related not
to any absolute standard of agreement, but to the permissible design tol-
erances required by considerations such as operational stress, minimum
‘endurance, permissible maximum deformation, and material characteristics.
One further point may be made before consideration of the methods and
results of the detailed survey of data which has been carried out. It
is certain that no empirical method of analysis of creep data can be
universally applied. Consideration of the effect of such complications
as metallurgical éhanges during the progress of creep, and the effect
of creep itself in changing the initial structure of a material exposed
to the combined influence of stress and temperature make iﬁ fundamentally

(12) which can be extensively

impossible to arrive at general laws of creep
" applied to commercial alloys until our knowledge of creep behavior and
processes 1s much more advanced than at present. Even partial success
in the application of methods of analysis an& prediction which is likely
to assist in the reduction of the quantity of testing, particularly
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TABLE XIV

Comparison of Experimental and Calculated Creep Data
for Steady Load, Isothermal Creep of 755~Té6 at 300°F

Table XIVa. Comparison on Tinme Basis

Total Times (Hrs.) to Reach Specified Total Strains

Stress erimental (€4 ) Calculated (calc, \

psi . 1.5% | 2.08Fracturel1.0% | 1.5% ] 2.0% Fracture

42,000 83| 14 | 18| 20% || 8.6 | & | 1| =20
38,500 25,0 | 42 | 51| 58 — -— — —
(Standard) :
35,500 52.0 72 90 97 45.0 75 91 104
33,500 84.0 | 110 |122 | 130 63.0 | 107 128 145
31,500 135.0 | 155 165 170 83.0 140 170 193

Table XIVb. Comparison on Stress Basis

Stresses (psi)x10-3 to Produce Specified Total Strains
Time erimental Calculated
Hrs. | 1.0% 1.55 2.0% Fracturell 1.02 | 1.5% | 2.0% [Fracture

20 [39.3 | 412 | 41.7| 4240 39.5 | 413 | 417 | 42.0
50 |35.7 | 37.6 | 38.6| 39.2 f 349 | 37.7 | 38.7| 39.2
100 | 32.9 | 34.0 | 34.8| 35.3 30.2 | 33.8 | 35.1| 35.7
150 | 31.0 | 31.6 | 32.2] 32.5 27,0 | 31l.1 | 32.3| 33.2
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testing under intermittent heating and stressing, may therefore be con-
sidered to represent some progress in the study of éreep under these

conditions. N

3. Methods of Evaluation

In the application of the basic equation
t=F gt{w} @

previously proposed, it has been assumed that the stress function, ,F s

is independent of strain, and consequently

T WS
‘ %-‘-t-s- = K = . (5)
£, o~ L
where . C_ = total time at some standard stress to reach a total strain &,
g S
e‘br = total time at some other stress, g~ , to reach a total straing,
% Cs = total time at the standard stress to reach a total strain €,
e‘_td_«-- total time at the other stress, g~ , to reach a total strain e,

In fact it has been found that ¥ is not truly independent of strain, and
further thét the variation in W increases as the stress, O , departs from
the standard stress. The variation in K with sira‘in has therefore been |
used to study the validity of Eq. (1), while the a\“rerage value of K with
respect to strain at various sti‘esses has been used to estimate whether

the prediction of intermittent data can be éccomplished from 'steady load
isothermal testvresults and only on;a intermittent test. Such a prediction
relies on the independence of."ef and therefore K , with respect to inter-
- mittent conditions. -Studies ofrthe variations in the value of K have
therefore been made for the data from Cornell Aeronautical Laboratories

Inc.(7’8) in addition to the analysis made in preceding sections of the
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date sccumlated in these laboratories.

Such a detalled study of the vast body of available steady load
Asothemmal creep data is manifestly not possible within the time available,
and more repid methods of cv;lnation have therefore been applied. Where
data s presented as creep curves of strein (or log strain) plotted sgainst
the logarithm of the time, the analysis proposed is applioable when the
curves at & series of stresses are displaced relative to each other along
the log time axis by & distance approximately independent of strain for
any pair of curves. From Eq. (5), at any pair of values for the standard
stress and the stress g— , the stress/log time design curves for the spec-
ified total strains ¢, and €, will be equally spaced with respect to the
log tike axis, as may be seen in the calculated curves of Mg. 39. The
deviation of the experimental curves from parsllelity can therefore be
used as an indication of the success or failure of Eg. (1). Purther, if
thodatrosa function, {» s is independent of the cyclic condition, the
stress/log time curves for any intermittent cregp testing condition should
be parellel with those derived from steady load isothermal daf.a at each
and every walue of the specified strain. The position of a set of curves
under any given test condition will, of ccurse, vary, such variation being
controlled by the strain function, ¥ , of equation (1).

4o« Application of Steady Ioad;, Isothermsl Creep Data
From the detailed analysis of the data presented in this and previocus

related reports, it sesmed probable that accurate prediction of steady load
isothermal creep dats by the methods proposed would be subject to limita-
tions of both stress and strain. The use of the graphical comperison
methods described in the previous section has made it possible to examine
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over one hundred and fifty sets of creep curves for a variety of materials.
References to the currently published data examined are given in the bib-
liography at the end of this report.(13°22) In no case was any correlation
found to cover the entire strain and stress range of a series of tests,
but in approximately one third of the cases examined the proposed analytical
method appeared to give useful results over reasonable ranges of stress
and strain. Creep curves at relatively low test temperatures for several
commercial alumimm alloys (24S-T, 755-T, R301-1C), 25, 45(14) ) ¢35-1(15))
in various conditions did not appear to constitute homologous series of

the type indicated by Eq. (1), but correlation was considerably improved
at temperatures of about 350°-400°F. At these temperatures K factor val-
ues (and hence predicted times to reach specified strains) appeared to be
usually withiﬁ :20% of a mean value over a range of stresses which would
produce fracture in times from 50-800 hrs., and over a total strain range
of from 1.0% to fracture (5-10%). The results of Sherby and Dorn on annealed
aluminum 2S—0(16) and on 99.6%(14’16) aluminum could not be consistently
correlated for any of four temperatures (90°F-400°F) or for any annealed
condition within tolerances of approximately 50% in times to reach various
strains. Creep data on high purity aluminum and a series of dilute solid
solution alloys of aluminum with copper, magnesium, zinc, and germanium

at BOO’Fg17) gave reasonably constant W values over stress ranges capable
of producing rupture in from 10 hrs. to 500 hrs. and for a strain range

of approximately 10% to fracture (50-60%). The creep of dilute aluminum

(17)

silver alloys, however, did not fit in with the analysis, theX values

varying with strain by a factor of up to 2 even over very restricted ranges
of stress. Creep data on some austenitic and ferritic gas turbine dise

(18,19,20)

alloys did not show good agreement with Eq. (1), except at
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certaln temperafures, but some success was experienced with creep data

on Inconel X, and much of thé long time creep data on the nickel-chromium
base British high temperature alloys Nimonic 80, Nimonic 80A, and Nimonic
90(21) could be effectively correlated within reasonable limits of accuracy,
even for strains as low as 0.1% and for test times in some cases over 10,000

(22) on a wide variety of

hours. The extensive data of Cross and Simmons
heat resisting gas turbine ailoys provided further evidence of useful
agreement with Eq. (1), usually over restricted ranges of stress and strain,
in approximately one third of the families of creep curves or stress/log
time design curves examined.

_Although the general survey of steady load isothermal creep data so
far completed must be considered as indicating qualitatively rather than
quantitatively the degree of agreement of experimental results with the
functional Eg. (1), it is apparent that its application to the correlation
an&.prediction of steady load isothermal data is by no means universal.

No effective generalizations as to when the method is likely to be suc~-
cessful can be made, and its use must therefore be a matter of Judgment
for each individual case under consideration. When it is used flexibly,
and with due regard to the limitations of stress or strain range encoun~
tered in any particnlar application, it would seem that considerable

benefit may be derived from its use as a means of interpolating and ex-

trapolating existing data compleméntary to such well known-methods as

the use of stress/log time design curves.

5. Applicat;on to Published Intermittent Condition Creep Data

The survey of the foregoing section has shown that in a proportion

of steady load isothermal creep data, the variation of X with strain is
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cufﬁéiantly minor as to render feasible the prediction and correlation
of such data by ths use of nqo '(l.) or (5). The experimental studies of
this and previous reports indicate that where this is the case, the value
of K is also approximately independent bf the s:teady or intermittent
nature of the test temperature or the applied stress. In order to check
vthis s the intermittent and steady condition creep da'ta('?’s) determined at
the Comell Akeronautical Laboratories, Inc. for a vari\ety of materials
wern subjected to detailed anelysis. No other intermittent éondition creep

data suitable for such studyhsve been uncovered.

(a) Magnesium Alloy FS*]B('?’S)

Por the creep of FS~1H magnesium alloy at 300°F, remarkable agreement
of the experimental data with the predicted data was found when the K
factors for the appropriate test condition was applied. An example of
thie agreemsnt is shown in Fig. 40, for a steady temperature intermittent
load (1 hr. on, 1 hr. off) cycle. In this case, creep cﬁrves have also
been predicted by the appliveati-on of the average K factors at the var—
‘ious stresses, derived from the steady load isothermal data, to the single
standard stress curve under the inf.,ermittent econdition, and again, excel-
lent agreement has been obtained. A similar procedure applied to the
prediction of data with a steady temperature 1% hr. off/ hr. on inter—
mittent stress eycle, or with a cycle employlng steady load imtermittenmt
temperature (1 hr. at temperature/ 2 hr. total chle)_'valso gave good cor—
relation, as iuy be seen from Table XV where intermittent and steady |
.cond:ltion average K ‘vavlnes are given, 4

.At 450°F the analysis of the data is less satisfactory, since in

many ceses strains of 2% were reached in times of less than ome cycle,
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TABLE XV

o Average K Factor Values for Various
Stresses and Intermittent Conditions. °
Creep of FS~IH Magnesium Alloy

- | Table XV(a). 300°F. 1% Total Strain -~ Fracture

3 ILST TIST ILIT

Stress , 1 hr. on/ % hr. on/ 1 hr. on/

- psi SLST 1l hr. off lj_hr. off |1 hr. off]
3,000 0.106 — 0.105 -
4,000 [0.25] 0.27 - -
4,100 0.28 — - —
5,000 0.53 0.56 0.50 0.46
6,000 ; :

(Standard) 1.00 1.00 1.00 1.00
7,000 [1.75] 1.70 1.84 1.92
7,100 1.88 - - -
8,000 3.06 3.18 3.48 3.09

10,000 8.8 10.7 - 11.3 8.3
12,000 25.5 33.0 32,0 19.2

Table XV(b). 450°F. 1% - 5% Total Strain

, TIST 1LST SLIT

Stress 1 hr. on/ | % hr. on/ |1 hr. on/

psi SLST |1 hr. off | 1* hr. off |1 hr. off

650 00155 —— —— —
1,000 0.37 10,38 0.42 0.42
1,650

(8tandard) 1.00 1.00 1.00 1.00
2,000 1.52 1.43 1.48 -
2,350 _ [2.14] - - 2.0
3,150 4 00 3.6 3.8 4.1
4,100 [7.91] - _ —_
5,000 10.0 - 10.8 -

NOTE: Based on data from Cornell Aeronautical Laboratories, Incf(r?’s)
[ ] = Interpolated Value.

SIST = Steady Load, Steady Temperature

- II8T = Intermlttent Load, Steady Temperature

SLIT = Steady Load, Intermittent Temperature
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and such times cannot be considered as representative'of true intermittent
condition behavior. For strains of\l%—S% consistent values of the K factor
were obtained, which did not appear‘to be appréciably affected by the type
of intermittent cycle employed in the test. The average‘( factors eval-
nated from the data with due regard to the above limitations are given in
Table XV. Fracture dafa at 450°F have hot been included in this analysis,
since it was found that the method could not satisfactorily be applied in
this instance, and only data for strains up tov5%’have been made use of
where the times involwved have been adequate to include the effect of inter-
mittent conditions. As for the 300°F data,the average W values quoted

are taken from a smooth curve drawn through the experimental points on a

log stress/log KX plot.

(b) 248-T3 Aluminum Alloy(7’8)

. Test results suitable for analysis for intermittent load, intermittent
temperature, and combined intermittent load and‘temperaturé conditions embody-
ing six different cycles were available at:450°F and 600°F in addition to
the steady load isothermal creep data. Variation of the value of the K
factors with strain for any particular stress and Intermittent condition
was not excessive, falling within 410% of the average value in all except

a few cases, and in many instances being conslderably more consistent over

a strain range of 0.5% to fracture (approximately 3%). In many cases

where the deviations were large, use of adjusted values of the times to
reach given strains, derived from stress/log time diagrams, would effec-
tively remove or reduce the discrepancy. However, when the average Y(

values for the same stress applied under the various intermittent condi-

tions are compared, as in Table XVI(a), a rather large variation is apparent.
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TABLE XVI

K Factor Values for Various Stresses and Intermittent Conditions
Creep of 240~10 Aluminum Alloy

Table XvI(a). 450°’F. 095% Total Strain - Fracture (approx. 3%)

» ISt | 8] SLIT| SLIT |SLIT | 1LIT B Devintion

Stress |1 Hr./ Hr / Hrs,/l Hr./& Hr./|Sch. |Sch. | from SIST

psi sisT 1 Er, [% Hr. B Hredl Hr. 0% Hrea| 1 2 [+ T-
15,000 | 0.22 | 0.34 | 0.37 — 020 == | — - 68 | 9
17,000 039 0550 0055 0033 0039 — 0053 0035 41 15
20,000 : - ,

(Std.) | 1.0 1.0 1,00 " [1l.0 1.0 | 1.0 |1.0 1.0 -] -
22,000 1.85 | 2.15 | 2.10 1.7511.85] 14 |17 2,0 | 16 | 24
25,000 4.9 7.0 5.8 3.3 | 4.0 | 5.0 |39 4.6 43 120

Table XVI(b). 600°F. 0.5% Total Strain - Fracture (approx. 10%

—TIET | TST [ TIST | 5iT T_E_th T S0IT | TLIT | Deviation
Hr Hr,

Stress | 1 Hr./| % Hr./8 Hrs. AL Hr/ /1 Sch. | Sch. | from SIST
psi SIST|1Hr, | 4 Hr. BHreo| 1 Hrad Hred 1 | 2 [+ T-
4,,000 0.13] 0010 | 0,056 | 0615| = | «== | — | == | 15 | 57
5,000 0,40 | 0037 | 0040 |0.42]| 0,47 0.50 | 0,44 |0.51| 27 | 7
- 6,000

{sta.)| 1.0 | 1.0 1.0 |1.0 |10 §160 | 3s0 |10 | =— | —
7,000 2.25| 2.2 | 2.2 {2.0 |2.0 |1.85 | 2.15}1.80] 0 | 20
8,000 bob | 4.3 | 3.8 [3.75]3.5 | 3.0 | 4.0 [3.1 0|35
10,000 | 17.0 | 4.0 }10.0 —e 9.2 | 6.0 {12.0 [7.5 0 |65

S1ST = Steady load and Temperature

IIST = Intermittent Load, Steady Temperature
SLIT = Steady Load, Intermittent Temperature
ILIT = Combined Intermittent load and Temperature

NOTE: Based on data from Cornell Aeronautical Laboratories, Inc¢(7’8.)
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Althoagh the K factorsat the lower stresses .show considerably greater
veriation with strain tha. data at 600°F follow a scmewhat similar pat-
tern to that described for the 450°F results, as may be seen from Table XVI(b).
While in both cases a more detalled treatment involving the use of aversge
tines derived from stress/log time curves, and the disc. ating of apparently
anomalous results leads to some improvement in the consistency of results,
it would still seem that the 'ue of average K values obtained from steady
load isothermal data, in conjunction with s single test at the standard
stress under the intermittent condition, would lead to prediected data which
would in many instances fail to agree with the actual data within reasonable
limits for the material and test temperatures under consideration.

(c) Low Carbon B-155 Alloy(®)

An sttempt to correlate the creep data at 1350°F and 1500°F for this
high temperature gas turtine alloy was not entirely satisfactory. For
some series of tests, particularly those under intermittent temperature
conditions, the variation of K with strain and stress was erratic. The
results are given in detail in Table XVII, the average K values at each
stess being obtained from a smooth curve drawn through the points at the
varions strains plotted on log strosa/].og K graphs. In some instances
the average K values were also corrected to take into account the effect

- of an apperently non-typlcsl test at the standard stress. Although the
average K valnes obtained by these methode for three of the four cycles
show fair agreement, prediction of strain/time data did not give good

agreenent with the sxperimental creep curves except for a few instances.

(d) Inconel X(B) |
By using the averaging methods dessribed 1n the previous ssvtion,
WADS TR 53-336 Pt 4 %



TABLE XVII

K Factor Values for Various Stresses, Strains, and

-  Intermittent Conditions. Creep of Low Garbon N-155 Alloy.
- ' Table XVII(a). 1350°F
Total TLST ILST SLIT
. Stress Strain \ 1 hr. on/ |8 hrs. on/|1 hr. on/
psi Z SIST 1 hr. off |8 hrs. off |l hr. off
20,000 0.5 - 0.18 - —
1.0 : 0.14 0.08 - —_
2.0 0.092 -_— C - -
5.0 0.056 - ) - -
Fracture 0.065 - - -
Average 0.11 . 0.12 - —t
24,000 0.5 0.38 0.4l 0.20 0.71
- 1.0 0.29 0.40 0.37 0.14
2.0 0.34 0.33 Oeh4 0.19
5.0 0032 0.28 0039 -
Fracture 0.28 0.33 0.29 0.40
Average 0.37 0.38 0.37 -~
26,000 | 0.5 0.67 0.86 0.77 0.26
1.0 0.52 , 0.76 0.74 0.28
2.0 O.54 1. 0.71 0.75 0.35
5.0 0050 0066 - 0.84 -
Fracture 0.54 0.69 0.58 - 0.69
Average 0.62 - 0.64 0.65 C—3
28,000 Standard Stress - A11 K% =1.0
30’000 0.5 : 1043 . 10501 1.09 2-12
1,0 1.27 ' 1.37 4.67 1.04
Fracture 1.10 1.84 1 17 1.53
Average 1439 1.50 1.43 -
35,000- 0.5 N — - -~
1.0 : e 707 - —
2.0 5.9 440 8.9 5.15
5'0 : 2043 . 305 3-4 =
Fracture 2.02 3.8 208 5.6 .
- Average 3.1 4.0 2.8 —F

. SLST = Steady Load and Temperature
IIST = Intermittent Load, Steady Temperature
SLIT = Steady Load, Intermlttent Temperature

NOTES 1. Data from Cornell Aeronautical Laboratories, Inc. )
2. Average K values obtained from smooth average curve through
' points on log stress/log K.plot. Correction applied where
required for apparently non-typical creep curve at standard stress.
# Scatter of points on log stress/log K plot such that no signi-
ficant average values could be obtained.
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Table XVII(b). 1500°F

I Total . ILST IIST ~SLIT |
Stress Strain 1 hr. on/ |8 hrs. on/|1 hr. on/
psi % SIST 1 hr. off |8 hrs. off]|l hr. of
12,000 0e5 0.036 0.079 - -

1.0 0.033 - - -
2.0 0.038 - —_ -
5.0 0,050 - - -
Fracture 0.067 — - -
Average 0.038 -— - -
13,500 005 00089 0.10 - Ooll
1.0 00096 0008’7 - 0015
2.0 Ooll 0-098 — _—
500 0013 0012 - ———
chture 0017 0014 - 0028
Average 0.115 0.13 - -
15,000 005 0021 O.,oBO —— 0042
1.0 0.28 0.37 0.26 0.27
2o0 0028 0036 0025 -
5.0 0031 0.38 0030 ——
FraCture 0036 0032 0031 0056
R Average 0.31 0.30 0.27 ——%
17,000 Standard Stress. 411 K5 = 1.0
19’000 005 - 3091 —— —
1.0 3.44 3.88 - 1.43
2.0 3-34 3006 — 2.22
5.0 2.70 2.81 2.41 -
 Fracture 2.31 1.9 2.02 1.94
Average 3.0 3.0 2.4 -3t
21,000 0.5 - - - -
1.0 - 7.6 - 447
2.0 7.4 6.6 6.2 6.7
5.0 6.0 5.5 3.7 3.1
Fracture 47 3.9 3.5 3.1
Average 6.1 7.0 3.8 -
SIST = Steady Load and Temperature
IIST = Intermittent Load, Steady Temperature
SLIT = Steady Load, Intermittent Temperature
NOTES: 1. Data From Cornell Aercnautical Laboratories, Inc.(a)
2, Average K values obtained from smooth average curve through
points on log stress/log K plot.
# Scatter of points on log stress/log X plot such that no

significant average values coculd be obtained.
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. good agreement was obtained between the average K values for the two
intermittent cycles and the steady load and temperaturs creep data for
this materfal at 1500°F (Table XVIIY). At 1350°1r, somewhat greater aif-
ferences between the st.eady and eyclic load isothermal tests were found
although at this temperature the variation ‘ot K valnes with strein was
‘less than at 1500°F, where deviations from the mean value were in scme

cases of the order or 50%

(o) Titaniun Alloy i c 130-A (8, 23)

Dae to the shape of the creep curves for this material at. 600°F
characterized by a Very sharp tum over .of the strain/t!ne anrve, data’s
for RC 130-A titanium alloy at this temperature could not be effectively
analyzed. At ‘700‘?, however, fairly good correlation both within and be-
tween steady and intermittent load isothermal tests was obtained over the
strain range 2.0% to fracture._(ap‘p_rox. 30%). The average K values ob-
teined as previously described are given in Teble XIX. DIata on the steady
load intermittent temperature condition wers insufficient for effective
analysis. At 800°F only a limited range of stresses could be successfully
eorrelated, and therefore no correlation factors for this temperature have

been reported.

(f) Iype 321 Stainless Stee1(®)

The oreep test data for ’this ma‘terialhm&: been analyzed for both
1200°F and 13507 test seriss. At 1200%°F, data for the steady load inter-
mittent temperature cycle m not considered sufficient to oﬁtain reliable
aversage vvalues‘. For the steady and intermittent load isothermal tests
| fairly good correlation was obtained within and between the two series
for the strain range 1.0% to fracture (approx. 10%). The average K values
WADC TR 53-336 Pt 4 | 79 | |




TABLE XVIII

Average K _Factor Values for Various Stresses

and Intermittent Conditions

Creep of Inconel X

1350°F | 1500°F

[Stress 1IST SLIT Stress IIST | SLIT

psi SIST | 1/1 1/1 psi SIST | 11} 1/1
25,000 | 0.10 | -- | Not suffi- |]11,000 | 0.17 | — -
30,000 | 0.23 | — | cient data |[13,000 {[0.3]| -- | 0.37
35,000 | 0.50 | 0.39 | to obtain || 15,000 | 0.52 | 0.55 | 0.56
40,000 | 1.0 | 1,0 | significant|[18,000 { 1.0 | 1.0 | 1.0
45,000 | 2.7 | 2.3 | average K | 20,000 | 1.5 | 1e44 | 1.43
50,000 7.8 5.1 Values. 25,0& 3.2 3.3 3.4

[ ] = mterpolated mata

SIST = Steady Load and Temperature
IIST = Intermittent Ioad, Steady Temperature
SLIT = Steady load, Intermittent Temperature

WADC TR 53-336 Pt 4
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TABLE XTX

[
| i

Average\( Factor Values for Various

Stresses and Intermittent Conditions.
Creep of Titanium Alloy RC 130-A, 700°F

|

Stress . 1IST

psi SLST 1 hr. on/l1 hr. off]
55,000 0.23 0.24

65,000 0.42 0444

75 4,000 0,72 A 0.75

80,000 Standard, K's = 1.0

85,000 l.44 1.48

90,000 2.2 -
100,000 7.8 5.5

NOTE: . Data from Cornell Aeronautical
Laboratorles, Inec.

SIST = Steady Load and Temperature
IIST = Intermittent Load, Steady Temperature
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for the two oases are given in Table XX1a).

At 1350°F fairly good correlation was again obtained for the steady
and intermittent load isothermal creep data, but agreement was less satis-
factory for the steady load intermittent temperature cycle. Table XX(b)
givee the average K values at the various stresses at 1350°F, while a
comparison of experimental and calculated, creep curves has been made in
Figs. 41 and 42, -?ig. Al denmtratés the results of applying the analysis
%o the steady load and temperature date, while in Fig. 42 the predicted
curves for the intermittent temperature steady load case are showm in
whick the average K factors for the steady load isothermal case have been
appliofl to the standard siress creep curve of the intermittent ocondition.

6. Results of Bvaluation of Analytical Method
From a study of & representative body of steady load isothermal

creep data on a variety of metals, it is apparent that the proposed fune-
tional equation

¢= F gt{(cr)z

while not generally spplicabls to all creep data, can be usefully employed
in about one third of the cases examined. For most aluminum alloys, it
seems that correlation is more satisfactory at temperatures above about
400°F, and may be better for simple so0lid solutions than for the relatively
complex oommerecisl alloys. PFor other materials no grouping of alloys,

even on an approximate basis, has so far been uncovered wﬁich would in-
dicate in advance whether the creep data for a given alloy were likely

to be amenable to analysis or mot. In all those cases where the method
does appear applicable, limitations are usually to be found with respect
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TABLE XX

Average K Factor Values for Various
Stresses and Intermittent Conditions.
Type 321 Stainless Steel

Table XX(a). 120°F. 1.0%¢ Total Strain to Fracture (approx. 10%)

Btress ' T1ST

psi SLST 1 hr. on/l1 hr. off)
20 9 OOO 0 . 34 —

22,000 , 0.51 0.52

25,000 Standard Stress, Ks = 1.0
27,000 1.48 1.65

30,000 2.95 3.3

33,000 7.4 6.5

Table XX(b). 1350°F. 0.5% Totsl Strain to Fracture (approx. 10%)

' « ILST "~ SLIT
Stress » 1 hr. on/ |1 hr. on/
psi SIST 1 hr. off 1 hr, off
9,000 0.205 - 0.29
10,000 0.285 0.22 0.37
12,000 0.56 0.49 0.61
14,000 Standard Stress, Ks = 1.0 :
17,000 2.45 2.9 2.55
20,000 7.5 7.6 . 6.4

NOTE: Data from Cornell Aeronautical Laboratories, Inc.(s)

SIST = Steady load and Temperature
ILST = Intermittent Load, Steady Temperature
. SLIT =

Steady Load, Intermittent Temperature
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to the range of both stress and strain over which satisfactory correlation‘

and prediction of data can be achieved, and while useful results can be
obtained by‘using the proposed method of analysis as a complement to well

established interpolation and extrapolation procedures, such as the use

of stress (or log stress) versus log time design curves, flexibility and
Judgment are required in its application. Present experience haé indicated
that the limitations of the proposed method arise from the fact that the
stress function,.%' ; is not independent of strain, and Eq. (1) is in

fact an excessive simplification implying as it does an equation of state
which, as has been demonstrated, cannot be generally applied to creep.

If, however, in the cases and over the ranges where Eq. (1) is a
fair approximation, the stress function,,f- » is the same for steady load
isotherﬁal creep, and creep under most types of intemmittent load and/or
temperature cycle, much testing time and expense can be saved by the pre-
diction of the intermittent creep data by the use of one or two chosen
intermittent tests and the abﬁropriate Y( factor determined from existing,
or readily obtainable steady load isothermal creep tests. The analysés of
‘results of creep tests carried out bqth in these laboratories, and at
Cornell Aeronautical Labofatories, Ine., indicate thét this iS’generally
the caée, and that in many:instanqes'fairly good agreemeﬁt between pre-—
diction and experiment is obtainable over é useful range. Although accu-
rate predictions are not generally possible the ‘lack of experimental data
on the creep of materials under'intermittént conditions of loading and
heating is such that even relatively crude quantitative estimates of such

data are likely to be useful.until more experimental data, and a more

rigorous mefhod of analysis based on a sound fundamental approach are
available.
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CONCLUSIONS
1. The results of cre'ep testing clad aluminum alloy 75S-T6 at 300°F
under isothermal-intermittent load, under steady load-intermittent temper-
ature, and under in-phase and out-of-phase cycles of combined intermittent

load and temperature conditions, show that the various cycles may be broadly
divided into two groups, according to whether they affect the net time

under load at elevated temperature to reach fracture or specified total
strains. Those cases where processes of recévery and overaging can occur
during an off-load part of the test cycle, appear to produce creep to
specified strains and fracture in times shorter than those corresponding
on a net time basis to the case of steady load isothermal creep. Such
cases are the steady temperature intermittent load cycles (cycles 1 and 2)
and the out of phase combined intermittent loading and heating cycles
(cycles 6 and 8). In all other cases the creep behavior approximates on
a net time basis to the steady load isothermal creep behavior of 75S-T6
alloy at 300°F.

2. The order of the four cycles 1, 2, 6, and 8 with respect to
their effect in causing acceleration of the creep of 755-T6 alloy is not
directly related to the amount of time per cycle which the specimen spends
at the elevated temperature in the absence of load. A tentative explana-
tion is based on the observation that the creep curve during one cycle on
reapplication of the load appears to be of the form of the primary creep
section of the standard creep curve. Further detalled experiments would
be required before any‘judgment can be made on this hypothesis.

3. At 600°F, where overaging must occur in a short time early in
the coﬁrse of a creep test, and the material is never far removed from
the fully recovered state, the creep behavior of aluminum alloy 75S-T6
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when judged on a basis of net time at elevated temperature under load is
approximatelj unaffected‘by intermittent conditions of heating and stressing;

Le At both 300°F and 600°F, the creep of 758-T6 élloy under all the
test conditions employed in the present series of tests may, to.a good

first approximation be represented by the functional equation

¢ =F gtf(a-)}

where & = total strain
¥ = total elapsed time
g = stress
F = strain funcf.ion

%’ stress function. ;
The stress function,‘f s is ohly slightly dependent on strain over the
range of streés 42,000 to 31,500 psi, and is apparently independent of the
type of intermittent test cycle of temperature and stréss. The equation
can therefore be used to make effective predictions of the creep cur;es
under an intermittent condition from a knqwledge of the creep behavior
under the normal steady load isothermal test conditions, and a single re-
presentative test at a standafd stress under the intermittent condition.
5. A survey of a representative selection of available steady load
Isothermal creep data on a variétY'gf materials shows that thi/;bove
method of analysié is not genefaily applicable, beingveffective.only in
about one third of the cases, and then often being subject to limitations‘
of stress and strain.
| 6. A survey 6f other creep data under intermittent conditions in-
dicates that where the analysis can satisfactorily be applied to steady
Joad isothermal creep data, it can usually, but not invariably, be aﬁplied
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to intermittent data on the same material over the same stress, strain,

and temperature ranges. The stress function of the equation given is then
approximately independent of the type of intermittent test cycle, and data
under intermittent conditions may be predicted as described above, permit-

ting a great reductio_n in the amount of testing under intermittent conditions.
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